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Abstract 
Simplified Method of Predicting Residual Solvent  
Content For Thin Polymer Coatings 
Richard Allan Cairncross 
 
 
Polymer coatings have a wide variety of uses in a number of industries. The 
polymeric films are coated on a substrate in a wet state and are dried to meet residual 
solvent content (RSC) specifications. Drying models predict the residual solvent content 
in the films. Previous models are elaborate and involve coupled mass and heat transfer 
equations. These equations are non- linear partial differential equations and are solved 
using numerical methods such as the finite element and finite differences methods. These 
models predict evolution of solvent concentration and temperature through the entire 
drying operation. 
At long drying times, the rate of solvent removal falls to an extremely low value 
and residual solvent plateaus at a nearly constant value. This apparent shut-off in drying 
is due to strong diffusional resistance to solvent transport through a solvent-depleted 
layer near the coating surface. The drying period is called the diffusional plateau, where 
drying rate becomes negligible and RSC plateaus at a non-zero value. The focus of this 
thesis is to predict RSC in the system at long times with a simple model. This thesis 
develops a simple, quasi-steady state, one-dimensional model to predict RSC in the 
drying polymer-solvent coatings for a given drying temperature and dry polymer film 
thickness. The use of only these key operating parameters makes this model is much 
easier to use than previous drying models and is amenable to calculation by standard 
spreadsheet software. Ease of these calculations provides a wide scope of use in industry 
where RSC specifications are to be met.  
The quasi-steady state model results agree well (9-15%) with results obtained 
from a finite element method prediction and with experiments (10-20%) done using a 
thermo gravimetric analyzer for the system of poly (vinyl acetate)-toluene. A detailed 
analysis on how the three main physical parameters of temperature, drying rate and dry 
polymer film thickness affect the residual solvent for this system has been done. Other 
polymer-solvent systems were also examined and the quasi-steady state method was 
found to give good comparison with results from finite element method predictions for 
these systems. 
 
Chapter 1 
Introduction 
1.1 Background 
Drying of polymer solution coatings involves two steps, (i) transport of the 
solvent within the solid towards the surface, (ii) removal of the solvent from the surface. 
The resistance to drying due to diffusional transport of solvent within the coating is called 
internal resistance and the resistance to solvent removal due to evaporation at the surface 
and transport into the gas phase is called external resistance to drying.  Internal diffusion 
becomes controlling at long times in drying of polymer coatings and determines the final 
solvent content in the coating. A simple method of calculating the final residual solvent 
content is explored in this thesis. 
The thickness and solvent content of the dry coatings normally have to be within a 
specified range based on the end use of the coating. Especially important is the amount of 
solvent in the dry coating. The amount of solvent left depends on the initial coating 
thickness, initial solvent content, drying time, solvent/polymer system, the drying method 
and the operating conditions.   
As various types of coatings require a variety of drying times and drying 
conditions to achieve a specified residual solvent content, optimizing the conditions 
requires a many experiments. An accurate drying model can reduce the number of these 
experiments. For a given set of drying conditions, there can be several models for 
predicting the residual solvent content of coatings. 
  The drying process of polymer-solvent coatings involves simultaneous mass and 
heat transfer. A model that describes the drying process of a binary solution completely 
should have terms which cover the convective heating of the coating, evaporation of the 
solvent from the coating surface, mass transfer resistances in the polymer and vapor 
phases, variation of solvent concentration with time and shrinkage (Cairncross et al. 
1995, Alsoy and Duda 1998, Verros 1999, Price et al. 2000).  
 
1.2 Characteristic Drying Periods  
Three characteristic periods (as depicted in the Figure 1.1) are often observed 
during the drying of coatings: an initial transition period, a nearly-constant rate period 
and a falling rate period. In the constant rate period (CRP) the rate of solvent removal is 
almost constant, with solvent concentration throughout the coating being almost uniform. 
During the CRP, the rate at which energy is supplied to the system is equal to the rate of 
energy removal due to evaporative cooling due to solvent removal. In the falling rate 
period, the rate of solvent transport to the surface falls due to a decrease in solvent 
content in the coating, and there is a development of a solvent deficient layer near the 
surface of the coating. 
Typically, most of the solvent in the coating is removed during the constant rate 
period, when the external resistance controls the drying rate. In the falling rate period, the 
internal resistance to solvent transport dominates because the mobility of solvent is 
drastically reduced. At long times the rate of solvent removal becomes negligible. In this 
thesis, this period of negligible drying rate is termed to be a Diffusional Plateau region. 
Further removal of solvent can be achieved only if there is an increase in the operating 
temperature of the drying process. Prediction of the residual solvent content in the 
diffusional plateau region is the goal of this thesis. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
When internal diffusion limits the removal of the solvent, the diffusional 
characteristics of the solvent in the coating determine the rate of solvent transport 
towards the surface of the coating. The mutual diffusion coefficient of the solvent- 
polymer system, coating thickness and drying time are some of the factors that determine 
the amount of solvent removal. The transport properties of the system, namely the 
diffusion coefficients, need to be predicted using the chemical structure of the polymer 
and solvent. The next section deals with diffusion in polymer-solvent systems. 
Diffusional 
Plateau 
 CRP FRP
M
as
s 
of
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ol
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nt
 
Time Since Start of Drying 
Figure 1.1. Variation of mass of solvent in the film with time, showing, 
1. CRP-constant rate period, 2. FRP-falling rate period, in the drying 
process. 
1.3 Diffusion in Polymer-Solvent Systems  
Diffusion is the process of molecular mixing as a result of random thermal 
agitation. In a binary system consisting of a polymer and a small molecule solvent, 
solvent molecules move in all directions; however there is net transport of the solvent in 
the direction of decreasing concentration. Fick’s law defines the flux of the solvent in a 
binary system to be proportional to the solvent concentration gradient. The mutual 
diffusion coefficient characterizes the solvent and polymer transport properties.  
Several diffusion theories have been proposed for concentrated polymer solutions. 
Some of the theories are the free volume theory (Fujita 1959, Vrentas and Duda, 1977a, 
b), statistical mechanics, thermodynamic theory and entanglement theory. These theories 
predict the self-diffusion coefficients of the polymer and solvent and the mutual diffusion 
coefficient of the system. The model based on free volume theory, proposed by Vrentas-
Duda (1977a, b), gives a predictive method of calculating diffusion coefficients from 
physical properties of components. A brief overview of free volume theory is given 
below. This is followed by a detailed discussion of the Vrentas-Duda diffusion model 
based on free volume theory and the estimation methods for the free volume parameters. 
The models discussed in later chapters of this thesis use the Vrentas-Duda free volume 
theory to predict diffusion coefficients. 
1.3.1 Free Volume Concepts  
The main idea in the free volume theory is that a molecular mixture contains 
dynamic ‘holes’ of various sizes. If a ‘hole’ has volume equal to or larger than that of a 
solvent molecule or a polymer-jumping unit, then diffusion can occur. The polymer-
jumping unit is defined to be the effective part of the polymer chain that takes part in the 
diffusive process. The diffusive process involves the moving of a molecule into an 
adjacent hole if the hole is big enough and the molecule possesses sufficient energy to 
overcome the activation barrier. Therefore the hole free volume controls the diffusion 
process. 
In free volume theory, total volume in a system is divided into two parts: the  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
volume occupied by the molecules, known as critical volume, and the volume that is left 
unoccupied, known as free volume. The free volume in the system can be of two types: 
interstitial free volume and hole free volume. The interstitial free volume has high 
activation energy for being redistributed through the system. It is the major component of 
Sp
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Figure 1.2. Schematic of the variation of the specific volume of a polymeric 
substance with temperature. It is divided into two parts: free volume and 
occupied volume, with increase in slope of area representing free volume 
above the glass transition temperature (adapted from Vrentas et al, 1979). 
 
Temperature 
Tg, glass transition temperature 
Interstitial Free Volume 
Occupied Volume 
Hole Free
Volume 
the total free volume of the system when the polymer exists below its glass transition 
temperature. At temperatures above the glass transition temperature of the system there is 
an increase in the free volume of the system and this increase is mainly an increase in the 
hole free volume. The hole free volume redistributes more easily to allow solvent 
molecules to diffuse.  
1.3.2 Free Volume Theories 
Cohen and Turnbull (1959) substantiated earlier studies in free volume by giving 
a relation between the diffusion coefficient and free volume in the system. They define 
liquid fluidity to be the inverse of liquid viscosity, and propose that the diffusion 
coefficient for spherical particles is proportional to the fluidity. When a hole forms due to 
a shift of a molecule in its cage it may cause another molecule to shift into the hole. This 
motion within a cage is termed as diffusion. 
 Cohen and Turnbull (1959) define free volume V of a molecule to be the 
difference of volumes of the cage surrounding the molecule and the volume of the 
molecule (the Van der Waals volume) and give a relation between self-diffusion 
coefficient and free volume as: 
u)V(ga)V(D =  1.1 
where a(V) is the diameter of the molecular cage, g is a geometric factor and u is the 
kinetic velocity of the molecules. The self-diffusion coefficient of a component is defined 
to be the proportionality constant in the flux equation in the absence of concentration 
gradient of the component in the system. For a system of molecules with average free 
volume Vf, the self-diffusion coefficient is calculated as  
÷
÷
ø
ö
ç
ç
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*
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fV
V
expugaD  1.2   
where a* is the approximate molecular diameter and gV* the molecular volume. The 
exponential factor represents the probability of the formation of a hole. 
 Macedo and Litovitz (1965) state that the effect of change in viscosity with 
temperature has not been accounted for in earlier theories. They use a relation of 
viscosity (Doolittle 1951): 
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The self-diffusion coefficient equation can be modified by analogy to obtain: 
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where D0 is a pre-exponential factor. 
 Fujita et al. (1959) discuss the diffusion of solvent in rubbery polymeric solids. 
They define a thermodynamic diffusion coefficient, DT , which is related to the mutual 
diffusion coefficient D and f1, the volume fraction of the solvent of the system as    
DT  = D (1-f1)3  1.5 
DT is also defined as  
DT  = D ÷
ø
öç
è
æ f
aln  d
ln  d 1  1.6 
where a is the activity of vapor in the solid, and D is the solvent self-diffusion coefficient. 
DT  gives the variation in the value of the diffusion coefficient with temperature and 
solvent concentration. DT  is also expressed in terms of a friction coefficient, which in 
turn is related to the free volume of the system: 
 T) ,(
RT D
1
T fx=  1.7 
and  
[ ] )]T,(f/B[Aln)T,v(ln 1dd1 f+=x  1.8 
where Ad, Bd, are constants of the polymer-solvent system and f(f1,T) is the average 
fractional free volume . The Fujitha theory for diffusion coefficients from free volume 
theory is a special case of the diffusion model presented below.  
1.3.3. Vrentas and Duda Diffusion Model 
 Vrentas et al. (1977a) discuss the free volume theory for self-diffusion 
coefficients. They define the specific free volume to be the difference of the specific 
volume at temperature T, and the specific volume at 0K. The specific free volume FVˆ  is a 
sum of the hole, FIVˆ  and interstitial, FHVˆ  free volumes. 
FIFHF VˆVˆVˆ +=  1.9 
The hole free volume is given by the equation 
M0FIFH )VˆVˆ(VˆVˆ +-=  1.10 
where subscript M represents mixture. The volumes considered are all mixture volumes.  
Vrentas et al (1977a) consider the equation for the self-diffusion coefficient of the 
solvent to be:   
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When the diffusing unit is part of a polymer chain, Vrentas et al. (1977a) derive the 
equation for self-diffusion coefficient, using the entanglement theory of Bueche (1962) to 
be: 
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where A is a pre-exponential factor, N*, N are polymer chain parameters. The part of the 
polymer unit that takes part in a diffusive jump is called the polymer jumping unit. The 
volume of the jumping unit is taken to be of the same order as solvent molecule. Mj is the 
molecular weight of the jumping unit. FHVˆ  is the average hole free volume per gram of 
the solution. 
The concentration dependent self-diffusion coefficients were given to be (Vrentas 
et al. 1977a): 
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where wi is the weight fraction of component i and *iVˆ  is critical volume (volume at 0K) 
of i. x is defined to be the ratio of size of solvent jumping unit to the polymer jumping 
unit. 
Vrentas et al. (1977 b) determine the parameters in the diffusion equation by defining 
equations for the free volumes of the components. The solvent and polymer contributions 
to the free volume are: 
11g21111FH w)TTK(KVˆ -+=  1.15 
22g22122FH w)TTK(KVˆ -+=  1.16 
K11 and K21 are free volume parameters, determined by the solvent physical properties 
Tg1, the glass transition temperature and a1 thermal expansion coefficient. K12 and K22 
are free volume parameters, determined by the polymer physical properties Tg2, the glass 
transition temperature and a2 thermal expansion coefficient. Details on obtaining the 
values of the parameters are described in Vrentas et al. (1977 a, b).  
The final expression obtained for the self-diffusion coefficient D1 is as follows: 
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The diffusion coefficient in Fick’s Law is the mutual diffusion coefficient. The 
relationship between self and mutual diffusion coefficient is discussed in the next section.  
1.3.4 Calculation of Mutual Diffusion Coefficient 
The basic model relating the self and mutual diffusion coefficients has been 
proposed by Vrentas and Duda (1977a,b). The mutual diffusion coefficient depends on 
the self-diffusion coefficients of the polymer and solvent. The self-diffusion coefficients 
depend on the temperature of the system along with the concentration of solvent and the 
molecular weight of the polymer.  
 Vrentas et al. (1977 a) define frictional coefficients 122211 ,, zzz for an isothermal 
system, where zij represents the friction of component i passing through component j; the 
cross-coefficient is: 
21
221112 )( zz=z                                            1.18 
Vrentas et al. (1977a) related the individual diffusion coefficients D1 and D2 to these 
frictional coefficients as: 
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Vrentas et al. (1977a) define the mutual diffusion coefficient D to be related to a  
frictional coefficient 12z  as 
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Here, M2 is molecular weight of polymer, ri is the mass density, iVˆ  is the partial specific 
volume of component i, NA is Avogadro’s number, mi is the chemical potentia l of 
component i. The equations 1.19, 1.20 and 1.21 are simplified using equation 1.18 and 
the mutual diffusion coefficient becomes: 
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where ix  is the mole fraction of component I. The equation 1.22 is obtained by 
eliminating the friction factors in equations 1.19-1.21 using equation 1.18.  
When the solvent self-diffusion coefficient is much greater than the polymer self-
diffusion coefficient, equation 1.22 is further simplified to  
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where, Ir  is the mass density of component I, If  is the volume fraction of component I, 
IVˆ  is the partial specific volume of component I, 1m  is the chemical potential of the 
solvent per mole. The values of 2Vˆ and 1m  are needed to calculate D. These are obtained 
from the thermodynamic theory of Flory (1953). 
Vrentas et al. (1977 a, b) simplified Flory’s theory by assuming that there is no 
volume change due to mixing of the components, the thermal properties are constant over 
the ranges of temperature considered. Vrentas et al. (1982) used the Flory-Huggins 
equation (Flory, 1953) for the solvent chemical potential in the mixture. The Flory-
Huggins equation is (Flory, 1953): 
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The interaction parameter c is assumed to be a constant.  
Then the mutual diffusion coefficient is given by the equation: 
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and f1, the volume fraction of solvent given as 
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Other equations relating the self and mutual diffusion coefficients, similar to 
Equation 1.25, have been reported in various papers, as Equation 1.25 is valid for low 
solvent concentrations. The following relations were reported in Romdhane et al. (2001) 
for a binary solution: 
)21)(1(
D
D
VˆM
VˆM
VˆM
VˆM
)21)(1(D
D
11
12
1
202
0
112
1
202
0
11
1111
1
f+f-+
÷
÷
ø
ö
ç
ç
è
æ
f
ú
ú
û
ù
ê
ê
ë
é
f+cf-f-
=
=f
 1.29 
)21)(1(DD 111 cf-f-=  1.30 
[ ] )21)(1()VˆVˆ(1DD 112111 cf-f--r-=  1.31 
Vrentas and Vrentas (1993) proposed Equation 1.29 to facilitate calculation of diffusion 
coefficient at all compositions. Alsoy and Duda (1999) proposed friction based models 
for diffusion coefficients in multicomponent diffusion, which was simplified by 
Romdhane et al. (2001) for a binary solution as Equation 1.31. Zielinski and Hanley 
(1999) modeled multicomponent diffusion using friction based approach, and their 
equation for mutual diffusion coefficient was simplified by Romdhane et al.(2001) for a 
two-component system as Equation 1.30. Romdhane et al. (2001) recommend the use of 
Equation 1.30 for the system of rubbery-glassy coatings. 
A typical plot of mutual diffusion coefficient with solvent weight fraction is given 
in Figure 1.3 for the system of poly (vinyl acetate)-toluene using parameters from Price et 
al. (1997). The magnitude of the diffusion coefficient increases drastically initially with a 
slight increase in solvent weight fraction, and continues to increase until the volume 
fraction reaches a magnitude so that the term )21()1( 1
2
1 cf-f-  starts decreasing in 
magnitude.  
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
Estimation of the parameters in the free volume theory model proposed by 
Vrentas-Duda is discussed in the next section. 
1.3.5. Estimation of Free Volume Parameters  
The self and mutual diffusion coefficients based on free volume theory of 
Vrentas-Duda (1977a, b) are calculated by the estimation of the free volume parameters 
involved along with polymer and solvent physical properties. The mutual diffusion 
coefficient is given by equation 1.25: 
)21()1(DD 1
2
11 cf-f-=   1.25 
where the self-diffusion coefficient is given by the equation: 
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Figure 1.3 Variation of mutual diffusion coefficient with solvent weight fraction 
for the system of poly (vinyl acetate)-toluene at a temperature of 60°C, using 
Equation 1.25. 
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The model contains 13 independent parameters but these parameters can be combined in 
the following 10 groups: x-g-g  ,E,D,Vˆ,Vˆ,TK,/K,TK,/K o
*
2
*
12g22121g2111 , and c. 
K11 and K21 are solvent free volume parameters. K12 and K22 are polymer free 
volume parameters, which characterize the concentration and temperature dependence of 
the specific hole free volumes of the solvent and polymer. Vrentas and Duda (1977b) 
discuss the estimation of these parameters in terms of thermal expansion coefficients of 
the solvent and polymer and the specific free volumes and specific volumes at the 
respective glass transition temperatures. Zielinski and Duda (1992) also propose methods 
of estimation of these parameters. The polymer free volume parameters K12 and K22 are 
estimated using equations for polymer viscosity. Zielinski and Duda give an equation for 
polymer viscosity h2, as: 
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The viscosity is a transport property and can be determined experimentally. Thus 
measurements of h2 vs. T can be used to regress values for K12 and K22. Alternatively 
these parameters can be calculated using the Williams, Landel and Ferry (WLF) equation 
(Williams et al., 1955) which relates temperature and viscosity of polymer as: 
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The parameters C12  and C22 are WLF constants.  The polymer free volume parameters 
are given by the equations: 
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Equation 1.34 can also be written for solvents. The parameters C11  and C21 are WLF 
constants . Thus free volume parameters of the solvent K11 and K21 are given by  
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However if the solvent viscosity equation is not available K11/g and K21 are calculated by 
regression methods, discussed in Vrentas et al. (1989). 
 *1Vˆ  and 
*
2Vˆ  are the specific critical volumes of the solvent and polymer, 
respectively. The critical volume is the minimum hole free volume necessary for a 
diffusive jump to take place for either a solvent molecule or a polymer jumping unit. The 
critical volumes are the specific volumes of the solvent and polymer jumping unit at the 
absolute temperature, 0 K. 
 D0 is the pre-exponential factor in the diffusion equation. Zielinski and Duda 
(1992) define D0 to be a solvent property, independent of the polymer. E is the energy 
required to overcome attractive forces from neighboring molecules. In many cases the 
value of E is assumed to be zero. Zielinski and Duda (1992) propose an equation relating 
D0, E, solvent free volume parameters and glass transition temperature in the condition of 
nearly pure solvent: 
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Equation 1.38 is obtained by equating the expressions for D1 obtained from equations in 
Vrentas-Duda (1977a) and Dullien (1972). Equation 1.38 is used to do a four-parameter 
regression in order to calculate D0, E, K11 and K21 when viscosity and specific volume 
data of the pure solvent as a function of temperature are available. 
 x is the ratio of the critical molar volume of the solvent and the critical molar 
volume of polymer jumping unit. x is thus given as: 
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where M represents molecular weight. Zielinski et al (1992) and Hong (1995) give 
equations relating the polymer jumping unit critical volume (volume at 0 K) to the glass 
transition temperature, which can be used in the calculation of x. Another method 
proposed by Ju et al. (1981) gives a linear relation between solvent molar volume at 0 K 
and a function of x and polymer parameters as  
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b  is calculated for a polymer, and then x for any solvent diffusing in that polymer can be 
calculated. 
c is the solvent-polymer interaction parameter and is calculated using solubility 
data. The solvent volume fraction is related to the solvent vapor pressure as given by the 
Flory-Huggins equation (Flory, 1953). 
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This model is used for polymer-solvent systems, but it is not always accurate. 01P is 
defined to be the saturation solvent vapor pressure. f1 is the volume fraction of the 
solvent. Also used in the calculation of c is the semi-empirical equation given in 
Zielinski and Duda (1992): 
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where d1 and d2 are solubility parameters. 
 The calculation of parameters in the diffusion coefficient equation enables the 
calculation of the drying rates and subsequently the solvent content in the coating. A 
slight change in the value of the parameters can cause a significant change in the value of 
the residual solvent content. Hence a study of change in solvent content with change in 
parameter values is studied later, in chapter 5. 
 
1.4 Residual Solvent Content in Polymer Coatings 
The calculation of mutual diffusion coefficient enables the calculation of the flux, 
using Fick’s law, when the solvent content in the coating is very low and drying is 
diffusion controlled. Fick’s law and conservation of mass equations along with 
appropriate boundary conditions enable the calculation of residual solvent content in a 
dry coating. The method of calculating the mutual diffusion coefficient has been 
discussed in Chapter 1. 
The drying equations become difficult to solve analytically because of the 
complex relation between diffusion coefficient and solvent concentration. Numerical 
methods solving unsteady-state drying equations are discussed in Chapter 2. A brief 
description of the drying equations in a one-dimensional model is given.  
A simpler method with a steady-state flux assumption for the calculation of 
residual solvent content is explored in Chapter 3. The method is used to calculate residual 
solvent content for various dry coating thicknesses, temperatures and drying rates. The 
results obtained from the studies are compared with those obtained from numerical 
methods, mentioned in Chapter 2. The comparisons prove to be promising.  
Chapter 4 discusses the results obtained from studying the poly (vinyl acetate) – 
toluene system with the quasi-steady state method (SSM) described in Chapter 3. The 
results from SSM are compared with those from a finite element method and results from 
experiments conducted on a thermo gravimetric analyzer. Chapter 5 deals with 
parametric studies. Free volume parameters in the diffusion equation are varied and the 
effect studied. Applicability if SSM to different polymer-solvent systems is also done. 
Chapter 6 outlines conclusion and future work in this area. 
 
Chapter 2 
Methods of Calculating Drying Curves 
 
The drying process is an unsteady state process where there is a continuous loss of 
solvent from the coating. In an industrial process, solvent evaporates from the coating as 
it passes through a series of dryers. In a controlled laboratory experiment, a sample is 
placed in an oven through which there is a constant flow rate of an inert gas, or in a setup 
where hot air/gas is passed either perpendicular or parallel to the surface of the coating. 
Heat and mass transfer takes place simultaneously in the system. Solvent mass is lost 
from the surface of the coating into the surrounding gas. The coating absorbs heat so that 
the solvent converts to gaseous form. To predict the residual solvent content in a coating 
versus time or distance through the dryer, the drying rate of the solvent is calculated. The 
equations governing this process are derived from mass balance and heat balance 
equations.  
 
2.1 Brief Review of Drying Models 
 Drying models, which mimic the drying process, are valuable for the prediction of 
final dry coating characteristics. Drying models have been developed for many types of 
systems, such as food, paints, dyes and polymers. The drying models normally involve a 
set of differential equations, which represent mass and heat transfer in the drying system 
such as a polymer coating on a substrate. The systems of equations are often impossible 
to solve analytically and are solved by numerical methods. Common numerical methods 
are finite difference methods and finite element methods. 
Simple models that described the solvent transport in the system of polymer 
coatings did not account for heat transfer in the system. Hansen (1968) studied the drying 
of a lacquer coating. He divided the drying process into two phases. In the first phase the 
surface of the coating remained wet and external resistance to mass transfer controlled 
drying. In the second phase internal diffusion resistance controlled drying. Diffusion 
coefficients based on total (sum of solvent and polymer volumes) and dry polymer 
volumes are defined to describe mass transport in the second phase. They are related as: 
2
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where D1(C) is diffusion coefficient based on dry polymer, Dc(C) is based on the total 
volume of the coating, f is the volume fraction of the solvent. Also Dc(C) is given by the 
equation  
kC
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where k is a constant, C is the solvent concentration. Fick’s law describes diffusion 
controlled solvent transport. The equations were solved using finite difference equations. 
Tu and Drake (1989) solve a one-dimensional model of a polymer coating. The 
drying process is divided so that initially there is no temperature increase in the system 
till the system becomes diffusion controlled. Shrinkage of the coating with time is 
accounted for by a moving boundary and the drying equations are solved by numerical 
integration. They discuss the case of a thin polymer coating and characterize it with the 
absence of any temperature gradient and steep concentration gradient at the surface of the 
coating. 
Roehner (1982) developed a model for a moving coating web. The model 
included coating shrinkage with constant density. The author studied mass and 
momentum transport when there is a diffusion-relaxation phenomenon. Crank-Nicholson 
method of finite differences was used to solve the equations, which were based on 
Fickian diffusion through the system. 
Saure et al.(1998 a, b) describe the drying of polymeric coatings based on a one-
dimensional model with coating shrinkage. The model is solved by the method of finite 
differences. The diffusion observed is Fickian and thermodynamic equilibrium in the 
drying system is assumed. Estimates of drying rates and diffusion coefficients can be 
given using this model. The effect of operating parameters such as gas phase mass 
transfer, temperature, thickness of the coating and diffusion coefficient on the drying time 
is studied using FTIR spectroscopy. They predicted that the use of an additional solvent 
in the system would cause the main solvent to evaporate faster. The models discussed 
above are simpler models in one-dimension, with coating shrinkage. The following 
models discuss simultaneous mass and heat transfer in the drying system of coating on a 
substrate. 
Sano and Keey (1981) discuss the drying of colloidal materials by spray-drying. 
Typically the particles inflate and then rupture to form hollow spheres. They consider 
solvent movement in the coating to be Fickian. They solve the heat and mass transfer 
equations in spherical coordinates. The calculations were done using Crank-Nicholson’s 
finite difference method. 
Okazaki et al. (1974) modeled the drying of PVAC coatings. Heat and mass 
transfer equations were formulated taking into account coating shrinkage. Diffusion 
coefficients that were calculated experimentally were used in the system of equations, 
which were solved by the method of finite differences. Imakoma et al. (1991) generalized 
this model for polymeric coatings with more than two components. The model included 
convective and radiation drying. The authors noticed that a discrepancy between 
experiments and theory where the theory predicted lesser magnitude of drying rates and 
proposed the presence of Non-Fickian diffusion. With the help of characteristic functions 
(Section 2.4), drying rates and diffusion coefficients were calculated in the falling rate 
period. 
Alsoy and Duda (1998) developed a drying model for solving heat and mass 
transfer, and diffusion induced convection process, in one dimension. The equations were 
solved by finite difference approximations and applied to the poly (vinyl acetate)-toluene 
system. The model was in very good agreement with experimental results. The use of 
volume average velocity and a good numerical technique (method of finite differences) 
were key attributes of the model.  
Aust et al. (1997) discuss the modeling of a modular air impingement dryer. For a 
binary system, a one-dimensional model based on operating parameters and geometry of 
the coating, describes the mass and heat transfer in the system. The equations are solved 
by the method of finite differences. A study of choice of solvent, solvent vapor pressure 
and coating properties is done to find optimal energy efficiency and to avoid defects. 
Mentioned below is a description of a spreadsheet model given by Gutoff (1999), 
which is comparatively less computationally intensive than either the finite difference 
methods or the finite element methods. 
Gutoff (1999) discusses spreadsheet-based models for the drying of coated webs. 
The author models two cases, case (i) drying is symmetrical on both sides and (ii) drying 
takes place on the topside only. The model is used to calculate the end of the constant rate 
period in the drying process, and give coating temperature for the length of the dryer and 
the solvent content in the dried coating. For the constant rate period the heat and mass 
transfer equations are integrated numerically, using methods such as the Runge-Kutta 
fourth order. In the falling rate period the equations are solved using finite difference 
methods.  
Finite element methods for solving drying equations were used by many authors. 
For the system of cellulose-cellulose acetate, Verros et. al (1999) modeled the coupled 
heat and mass transfer in the process as a one- dimensional numerical experiment with a 
moving boundary. All non- linearity due to concentration and temperature dependence of 
various drying parameters are considered, and the Galerkin Finite Element Method solves  
 
 
 
 
 
 
 
Figure 2.1 Ratio of solvent mass to polymer mass with time from 
model calculations and experiments. (Reproduced by permission from 
ACS from Verros et al. 1999). 
the system of equations. The match between model and experimental results is shown in 
the Figure 2.1. The figure shows plots of the ratio of amount of solvent to that of polymer 
with time. From the plot it is seen that the model and experimental results match well, at 
short times. 
Yapel (1988) in his thesis discusses a one-dimensional drying process. A 
multicomponent coating with varying density is considered. A mass average velocity is 
calculated. Variation in temperature during the process is accounted for in the 
calculations. A model solving the energy transfer between coating and substrate and 
coating and atmosphere is given, so that the temperature profile is obtained. Finite 
element methods are used to get numerical solutions of the drying model.  
Cairncross et al. (1995) discuss the modeling of an industrial dryer with 
convective and radiation heating. A multi-zoned dryer with controlled temperature and 
airflow is considered. Mass and heat transfer balance with convection and radiation is 
considered. The equations are solved using Galerkin’s method with finite element basis 
functions. Variation of temperature and concentration profiles with diffusivity, solvent 
vapor pressure and solvent activity is discussed. Optimization of dryer conditions to 
avoid “blistering” is discussed.  
Price et al. (2000) discuss the optimization of a single zone dryer, using a one-
dimensional model to get the minimum residual solvent content and also surface defects. 
Galerkin’s finite element methods are used to solve the model equations. They give 
optimum air temperature and heat transfer coefficients. They also discuss the sensitivity 
of these parameters to changes in coating weight, solvent diffusivity, initial solid content 
and oven temperature. 
The above-mentioned finite element models are useful, accurate and give a lot of 
information of how system parameters vary during the drying process. They simulate the 
entire drying process. The general drying system considered during the calculations in 
this thesis is a polymer coating on an impermeable substrate. The drying equations that 
are solved are one-dimensional. However these models mentioned in the review require a 
complete knowledge of the drying system, which is labor intensive  and the calculations 
are computationally intensive. A description of a one-dimensional model is given in the 
next section.  
 
2.2 Description of Drying Equations for a One-Dimensional Model    
The basic assumptions for a one-dimensional system can be summarized (Alsoy 
and Duda, 1998) as there being no volume change due to mixing of the components, the 
physical properties of the components are taken as average values for the temperatures 
used, and the whole system has uniform temperature. The process temperature is taken to 
be above the glass transition temperature of the solution. The system is exposed to a 
constant flow of an inert gas, which takes away the solvent that diffuses up to the surface 
of the coating.  
  Price and Cairncross (2000) describe a one-dimensional finite element drying 
model, based on the conservation of mass and energy in a shrinking coating. This model 
was used to find optimal drying conditions in one-zone dryers. The equations in the 
model were solved by Galerkin finite element method and applied to drying of poly 
(vinyl acetate)-toluene coatings. This section reviews the model of Price and Cairncross 
(2000), which was used for finite element calculations in this thesis. 
 The mass balance equation for the solvent is defined as: 
÷
÷
ø
ö
ç
ç
è
æ
¶
¶
¶
¶
=
¶
¶
z
C
D
zt
C ss        0 < z < Z(t)           2.3 
where )t,z(Cs  is the solvent concentration in the polymer phase. 
 
 
 
 
 
 
 
 
 
The initial condition for concentration throughout the coating is: 
0
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and the initial coating thickness is Z = H. The boundary conditions at the coating-surface 
interface is: 
0
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There is no transport of solvent into the substrate layer. The boundary conditions at the 
coating-gas interface is: 
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Figure 2.2 Schematic of a one-dimensional drying problem. 
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The boundary condition represented by equation 2.6 accounts for the rate of mass transfer 
at the coating-bulk gas interface. The concentration difference between the bulk gas and 
surface is the driving force for evaporation and also accounts for the moving interface. 
g
SP  is the solvent pressure in equilibrium with the solvent in the coating at the surface, 
and ¥gSP is the solvent pressure in the bulk gas. 
 The substrate and coating are exposed to high temperature by placing them in a 
furnace and/or the blowing of hot air/gas through the system, either parallel or 
perpendicular to the coating system. A lumped parameter model is used for temperature 
and energy of the system. The energy balance equation for the substrate and coating 
system is:  
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where r  stands for the density, pC  is the specific heat, hsub is the heat transfer coefficient 
at the substrate-gas interface hc is the heat transfer coefficient at the coating-gas interface 
and VsHD is the heat of vaporization of the solvent. An assumption of no heat of mixing 
between solvent and polymer is assumed.  
 Initially the temperature throughout the coating and the substrate is the same and 
given as  
0T)0,z(T =   2.8 
 
. 
 Typical results that can be obtained using the above system of equations are 
shown in the Figure 2.3. The variation of solvent volume fraction and temperature with 
time are shown in this figure. Figure 2.3 shows from the plot of solvent volume fraction 
with time that at long times the decrease in solvent content is almost negligible. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2.3 Brief Note on Finite Element Method for Solving Drying Equations  
      The coupled mass and heat transfer differential equations normally cannot be 
solved analytically. Many authors have studied solving these drying equations by finite 
element methods, some of the recent ones being Cairncross (1994 & 1995), Yapel (1998) 
and Verros et al. (1999).  A finite element code us ing the Galerkin method (Price and 
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Figure 2.3 Variation of drying rate and temperature with time from FEM 
calculations for the system of poly(vinyl acetate)-toluene at a temperature of 50°C, 
with initial toluene volume fraction of 0.9, and a dry polymer thickness of 0.01cm. 
Substrate is a thin sheet of aluminum of thickness of 0.03cm. 
 
Cairncross, 2000) is used in present studies to simulate the drying curves. A uniform or 
non-uniform grid is used to describe the problem. When the concentration varies sharply 
near the boundaries, a non-uniform grid is desirable with elements clustered in regions of 
steep gradients. 
 Galerkin’s method with finite element basis functions is used to solve the coupled 
nonlinear partial differential equations (Cairncross, 1994; Verros et al., 1999). The coated 
layer is divided into finite elements with concentrations and temperature represented by a 
polynomial in each element. Cairncross (1994) in his thesis defined a domain which 
spanned into 21 basis functions, each associated with a node, and the values of 
temperature and solvent concentration are defined as unknowns at each of these nodes. 
           Easier methods of finding the drying rates and solvent content in the coating have 
been investigated. A method involving a steady state drying rate known as characterisitic 
function method is described in the next section. 
 
2.4 Characteristic Function Method   
 One method of estimation is based on the “correlative method of drying rates on 
the basis of characteristic functions” (Okazaki et al. 1995). The authors propose that 
drying rate curves when scaled on a suitable basis, at different drying conditions, for a 
given material, should overlie a reference curve. This reference curve is called the 
characteristic function and is independent of drying conditions. Okazaki et al. (1995) 
discuss the method of characteristic functions for the drying of a homogenous nonporous 
material such as soap. 
The drying curves with different initial concentrations coincide after some time to fall on 
the same curve because the concentration distribution inside the drying body becomes 
virtually independent of the initial distribution after some time. The overlapping regions 
of the various curves form the parent or the reference curve. The drying period is divided 
into two parts: penetration period and regular regime. In the penetration period the 
concentration at the coating substrate interface does not change. The drying curve in this 
period is highly influenced by the initial conditions.  
 The regular regime starts when the concentration of the solvent at the coating-
substrate interface decreases from its initial value. A transition between these two regions  
 
 
 
 
 
 
 
          
  
 
 
 
 
 
Figure 2.4 Dimensionless concentration profiles in the penetration period,  
transition period and regular regime, using CFM (Adapted from Imakoma 
and Okazaki, 1992). 
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is called the transition period. The regular regime curve is characteristic for the material 
to be dried and depends on the temperature and equilibrium concentration only. From the  
regular regime equation the parent curve for a given initial concentration can be 
calculated. The theory and procedure involved are discussed below. Figure 2.4 shows the 
concentration profiles in each of the three drying regions.  
 The CFM predicts convective isothermal drying of a slab. The characteristic 
function is obtained by a transformation of an experimentally determined drying rate 
curve or by the procedure shown below for various types of concentration dependent 
diffusivities. The differential equation for the conservation of mass in a coating of fixed 
thickness is: 
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This equation is subject to the initial and boundary conditions: 
0ss CC =       0t = ,  10 ££ z  
0
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¶
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   when 0t > ,    0=z   2.10 
*= ss CC when   0t > ,   1=z , 
where Cs* is defined as the value of the solvent concentration Cs, in g/cc, in equilibrium 
with the surrounding gas phase, and is taken to be zero. Dr is defined as the dimensionless 
diffusion coefficient. When Dr is a complex function of Cs, an analytical solution of the 
above equation is difficult to obtain.             
            In the early stages of drying, the slab can be considered a semi- infinite medium. 
In this period, which is known as the penetration period, the amount of solvent desorbed 
is proportional to the square root of time. Further, the concentration profile gradually 
tends to the shape characterized by the regular regime. Thus, by the end of the 
penetration period the drying process already follows the regular regime very closely and 
the transition period has a very short duration.  
           Okazaki et al. (1995) give a relation between the drying rate and the mean solvent 
content in the penetration period. This relation, known as the characteristic function for 
the penetration period, is given by:  
const )CC(F s0s =g=-                           2.11 
This relation holds irrespective of the dependence of the diffusivity on the solvent 
content.  Here F is the solvent flux, and Cs0 and sC  are the initial and mean solvent 
contents. g  depends on the initial solvent content and the solvent diffusivity.  
 When the characteristic function is obtained from experiments the transition point 
of the two regimes is initially calculated. The product of the flux and the difference of the 
solvent contents is constant during the penetration period. The value of CS where there is 
a change in this value is calculated to be the transition point. The values of the flux and 
the average solvent concentration are obtained at the transition point. This allows the 
calculation of the constant g , and the penetration curve can then be plotted for a range of 
the flux or average solvent concentration. In the characteristic function for the regular 
regime, the flux, F, varies with the concentration-dependent solvent diffusivity and the 
surface solvent content as (Okazaki et al 1995) 
)C,D,C( F sirs=                         2.12 
               An approximate method that avoids solving of the drying equations to get the 
drying periods in the characteristic functions is the flux ratio method (Okazaki et al, 
1995). In this method the unsteady process is compared with a steady state. The unsteady 
state drying equation (equation 3.4) is converted to a steady state by equating the time-
differential to zero.  
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 The concentration profile at a certain time in the regular regime is selected to be 
the steady state value, such that both steady and unsteady state profiles have the same 
mean solvent concentration. Okazaki gives an expression for the surface flux under 
steady state conditions to be 
ò=
scC
0 srRR,s
dcDF                                           2.14 
where Csc is given by 
ò òò =- sc sc
s
sc C
0
C
C ssr
C
0 srs
0dCdCDdCDC               2.15 
A flux ratio for the regular regime RRG , is defined as  
RR,s
RR
F
F
=G ,                                                  2.16 
thus giving the characteristic function for the regular regime to be 
òG=
scC
0 srRR
dCDF .                                         2.17 
  Therefore along with the equations for the flux in the penetration period and 
regular regime, if the function relating the diffusion coefficient with solvent 
concentration is known the variation of solvent flux in the drying coating with average 
solvent concentration in the coating can be calculated. However the use of the arbitrary 
solvent constant makes it difficult to use this method when a particular drying rate is 
needed. 
 
2.5 Conclusions  
            Two methods of estimating drying rate curves, the finite element method and the 
characteristic function method have been discussed in this chapter. The finite element 
method gives accurate drying curves, but this advantage is also coupled with necessity of 
obtaining system parameters such as the mass and heat transfer coefficients of the coating 
substrate system, which require more experimental conditions and which may be time 
consuming to obtain. A simpler characteristic function method is a steady state 
approximation method that is used to calculate the flux at an average concentration in the 
coating in terms of an arbitrary concentration constant.  The choice of the arbitrary 
constant decides the magnitude of concentration and drying rate. The results from using 
the characteristic function are given in Chapter 4. An easier method of estimation of the 
residual solvent content, that is simpler than the finite element method is investigated in 
this thesis in Chapter 3.  
 
Chapter 3 
Quasi-Steady State Model of Diffusion Controlled Drying 
  
3.1 Introduction 
 The study of diffusion controlled drying is needed to determine the residual 
solvent content in a drying polymer-solvent coating.  Recent accurate methods of solving 
drying equations involve solving of simultaneous unsteady state mass and heat transfer 
equations, numerically. 
 When drying is diffusion-controlled the only operating conditions that affect the 
rate of solvent removal are the temperature and the solvent vapor concentration in the 
bulk gas, i.e., the drying rate is independent of airflow or solvent mass transfer 
coefficient. In this region, the internal solvent transport limits the drying rate at the 
surface. In the diffusion controlled drying stage, evaporative cooling is negligible and 
coating temperature is nearly isothermal. In this chapter, diffusion-controlled drying is 
approximated by a simplified steady-state method to predict the residual solvent 
remaining in a drying coating at long times. 
 
3.2 Quasi-Steady State Approximation to Diffusion-Controlled Drying  
 In drying of a coating made up of polymer and solvent on an impermeable 
substrate, the rate of solvent removal is initially fast and decreases with time, as the 
solvent concentration in the coating drops. Eventually the drying rate and the solvent 
content both asymptotically approach zero. However, the drying rate can become 
essentially zero for practical purposes while the solvent content is five percent or higher. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 3.1 shows how the solvent content in the coating varies with time for a 
typical polymer-solvent coating, and Figure 3.2 shows how drying rate varies with time. 
Initially there is a rapid drop in the solvent content, followed by a transition to a plateau 
in solvent content.  The drying rate is initially high, falls rapidly and asymptotically 
approaches zero in the plateau region. This plateau region, of finite solvent content and 
practically zero drying rate is called the diffusional plateau in this thesis. We define a 
drying rate parameter E* which is characteristic of the coating being in the diffusional 
plateau. E* effectively represents the surface flux, which is almost zero on practical time-
scales. Therefore the value of E* should be extremely small, two or three orders in 
magnitude smaller than flux in the initial drying times. In the steady state method, the 
flux at the surface is equal to the flux throughout the coating by conservation of mass. 
From the inner plot in Figure 3.2 an acceptable value of E* is 2x10-7g/cm2/s. 
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Figure 3.1 Example of change in solvent content with time for a polymer-
solvent system of poly (vinyl acetate)-toluene with 90% initial solvent content 
by weight. Experimental data obtained from TGA for a dry polymer coating of 
thickness approximately 0.01 cm. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
When the drying rate is controlled by the rate of internal diffusion of solvent 
through the coating most of the resistance to mass transfer comes from a thin solvent 
depleted layer near the coating surface. In this layer there is a steep concentration 
gradient and diffusivity drops by several orders of magnitude.  Finite Element Method 
predictions show that the concentration gradient is approximately flat on the inside of the 
coating, except near the surface, as depicted in the Figure 3.3.  
The unsteady state mass conservation equation for binary solvent transport is: 
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With a steady state assumption Equation 3.1 becomes 
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Figure 3.2: Example of change in drying rate with time for a polymer-solvent 
system of poly (vinyl acetate)-toluene with initial solvent content 90% by weight. 
Experimental data is obtained from TGA for a dry polymer coating of thickness 0.01 
cm. 
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The key assumptions in the quasi-steady state method (SSM) that would justify its 
use instead of a more accurate but computationally intensive finite element method are 
that in the diffusional plateau region: 
(i) the rate of change of concentration with time in the coating is small enough to 
neglect the left hand  side of Equation 3.1 
(ii) the system is isothermal in this region. 
(iii) the value of 
dt
dH
 in this region is small. 
(iv) the solvent concentration at the coating surface is in equilibrium with the 
concentration in the bulk above the coating. 
 
 
 
 
 
 
 
 
 
 
Figure. 3.3 Schematic of drying of a thin polymer-solvent coating of thickness H. 
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3.2.1 Mathematical Description of the Quasi-Steady State Method 
 
The flux of solvent through the drying surface, or drying rate per unit area, is 
given by Fick’s law: 
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The concentration gradient and the diffusion coefficient in equation 3.3 are evaluated at 
the surface of the coating, z = 0. Just below the surface of the coating, there is a solvent 
depleted layer with a steep concentration gradient. The solvent concentration in the 
coating increases with distance from the surface. In the case of the steady state flux 
assumption, by conservation of mass: 
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with the boundary condition that, surfaceC  is the solvent concentration at the surface of the 
coating that would be in equilibrium with the specified solvent vapor concentration; 
normally the drying gas contains no solvent so surfaceC = 0. This is an ordinary differential 
equation that can be integrated from the surface (z = 0) inwards, until the coating 
thickness is reached. The final thickness of the coating, H, and the average concentration 
of solvent in the coating, sC , are both unknown and calculated using the steady state 
method. 
The value of H is not known. Hence to obtain its value Equation 3.4 is rearranged 
to give 
( )
*
=
E
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                                                 3.5 
The coating is made up of the final residual solvent content and the polymer content. The 
polymer content per unit area is represented by Hp, and the residual solvent content is 
effectively Hs. This relationship is based on the assumption that no volume change occurs 
on mixing, thus making the total volume to be the sum of the individual volumes. 
Therefore, the total coating thickness, H = Hs + Hp. 
To find the residual solvent content, Hs has to be calculated. The value of Hp is 
known, as the dry polymer thickness can be obtained from experiment or in theoretical 
calculations a value for Hp can be assumed. The residual solvent content per unit area at 
distance z into the coating is defined as: 
dzVˆCH s
z
0
ssz ò=                                              3.6 
 where sVˆ  is the specific volume of the solvent and Cs is a function of depth. szH  is the 
solvent content at a distance z, and the corresponding polymer content is represented by 
pzH , whereas sH and pH represent the corresponding total content for distance z. 
Differentiating equation 3.6 gives an ordinary differential equation for szH : 
ss
sz VˆC
dz
dH
=                                           3.7 
To eliminate z, Equation 3.7 is multiplied by Equation 3.5: 
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with szH  = 0 at exts CC = . 
Equations 3.5 and 3.8 can be integrated with respect to Cs numerically and the 
corresponding representative polymer content pzH  is given by: 
pzsz HHz =-                                 3.9  
and integration is done until the computed representative polymer content is equal to the 
known dry polymer thickness: 
ppz HH =             z = H 3.10 
The diffusion coefficient (D) in the preceding equations varies strongly with the 
solvent concentration, because the polymer becomes concentrated towards the end of the 
drying process. The Vrentas-Duda equation (Equation 1.25) is used in this theory to 
predict the concentration-dependence of the diffusion coefficient; this model could easily 
be used with any functional form of D(Cs). The non- linearity of Equation 1.25 makes the 
equations 3.5 and 3.8 non- linear and difficult to solve analytically. The equations are 
integrated numerically. 
The total residual solvent content in a coating of cross-sectional area A and 
thickness z, for a particular pH is given by the equation, 
spsss A)Hz(AHM r-=r=           3.11 
where sr is the density of pure solvent. 
 Varying the values of E* and temperature result in the calculation of the residual 
solvent content for different drying operation conditions. Variations in the values of the 
free volume parameters in the diffusion coefficient equation, result in different values of 
Hs and account for different polymer-solvent systems.  
3.2.2 Calculations in the Quasi-Steady State Method 
 Euler’s method is used to integrate Equations 3.5 and 3.8 numerically with respect 
to the solvent concentration (Cs) with DCs being the increment step in Cs. The 
concentration of the solvent in the gas phase, in the calculation of z and sH , is assumed to 
be zero, so Csurface = 0. However if there is solvent in the gas phase, Csurface would be non-
zero. The weight and volume fractions of the solvent are calculated at z =0 along with the 
self and mutual diffusion coefficients. Then the values of Dz and DHs are calculated for 
the given increment in concentration DCs using the equations 3.5 and 3.8.  
For given solvent and polymer specific volumes sVˆ  and pVˆ  respectively, the 
weight fraction, at a solvent concentration Cs, in g/cm3, is calculated by  
p
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The corresponding volume fraction is calculated by the equation  
sss VˆC=f                                        3.13 
The self and mutual diffusion coefficients are calculated from the Equations 1.25 
and 1.17, given in Chapter 1. The equation for self-diffusion coefficient is given by: 
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The equation for the mutual diffusion coefficient is given by, 
)21()1(D  D s
2
s112 cf-f-=               1.25 
The distance zi+1 where the solvent concentration is Csi+1 = Csi + DCs is calculated by the 
equation  
1.17 
*E
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+=+                            3.14 
where D12,i represents the mutual diffusion coefficient at Csi , and E*  represents the 
assumed  drying rate in the diffusional plateau at the coating temperature. When i = 0, 
Csurface = 0, z0 = 0 and Hs,0 =0. The effective thickness represented by the residual solvent 
is given by  
*E
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D
+= ++                       3.15 
The dry polymer thickness is obtained by the difference of z and sH . The values of z and 
sH are calculated until the ppz HH = . A tool known as Goal Seek in Excel is used in 
calculations. The software changes the value of DCs so that the required value of Hp is 
obtained within a specified tolerance for a fixed number of concentration steps.  
The values of the dry polymer thickness, solvent concentration and effective 
solvent content at various distances are obtained from these calculations. The 
concentration profile and the residual solvent content (RSC) can be obtained. Predictions 
from this method are compared to predictions from the finite element method and with 
experimental results obtained from a thermo gravimetric analyzer, in chapter 4.  
3.2.3 Dimensionless Calculations  
 The theory presented in the previous section applies for particular values for 
solvent and polymer content at a particular dry polymer coating thickness. However to 
generalize the steady state method for a wide range of polymer thicknesses and solvent 
concentrations, the equations can be converted to a dimensionless form. 
 The main parameters that are to be made dimensionless are the concentration and 
coating thicknesses. These are made dimensionless as follows: 
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A corresponding reference diffusion coefficient is defined as: 
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where   )C(DD refref =        3.18 
and reference solvent concentration is defined as: 
s
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The change in polymer thickness with solvent concentration is given as  
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The equations 3.5 becomes 
*
*
*
D
dC
dz
A =        3.21               
 where 
refref
*
0p
DC
EH
A =  and Equation 3.8 becomes 
**
*
*
sz CD
dC
dH
A =            3.22 
The parameters A has Hp0E* in the numerator. If the product of E* and Hp remains the 
same, then A does not change and the dimensionless results do not change. Then the 
effect of varying Hp and E* need not be studied independently. Physically the parameter 
A could represent the ratio of two drying rates E* and Eref, which is defined as 
0p
ref
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H
C
D . 
The corresponding equations for equations 3.14 and 3.15 are  
***
i
*
1i CADzz D+=+       3.23 
and    
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The calculations are done until * 1iz + - 
*
1i,sH +  = 1. From these equations dimensionless 
coating thickness and solvent content are calculated. 
 
3.3 Conclusions  
 The steady state method discussed in this chapter is a mathematically simple 
method solvable in an Excel spreadsheet. It reduces the amount of physical data that is 
needed for the calculation of the residual solvent content in the coating. The results from 
the SSM calculations are shown in the following chapters. 
 
Chapter 4 
Results from the Quasi-Steady State Method Calculations 
 
In this chapter predictions from the quasi-steady state method (SSM), discussed in 
Chapter 3, are compared to predictions from a finite element model and to measurements 
from a thermogravimetric analyzer. The finite element method (FEM) is used to solve the 
unsteady state mass and heat transfer equations describing the drying coating, as 
discussed in Section 2.2. The unsteady state drying model (FEM) predicts the 
concentration evolution with time and distance in the coating, by solving mass and heat 
transfer equations within the coating. The thermogravimetric analyzer measures the 
change of sample weight with time. 
 
 
 
 
 
4.1 Drying Curves from FEM Calculations  
Variation of solvent content with time as obtained from FEM calculations is 
shown in Figure 4.1. Initially in the constant rate period there is a rapid drop in solvent 
content. The rate of change in solvent content with time then decreases with time and at 
long times is almost negligible. 
Polymer *
2Vˆ  (cm
3) K12/g (cm
3/g.K) K22-Tg2 (K) Vp (cm3/g) x c 
PVAC 1 6.145x 10-4 -223.9 0.8547 0.958 0.39 
Solvent  *
1Vˆ  (cm
3) K11/g (cm
3/g.K) K21-Tg1 (K) VS (cm3/g) D0 (cm2/s) 
Toluene 0.917 2.21x 10-3 -103.0 1.1547 3.998x 10-4 
Table 4.1.  Free volume parameters of solvent and polymer taken from Price et al. (1997) 
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Figure. 4.1. Variation of solvent content with time from FEM for a system of 
poly (vinyl acetate)-toluene coating, at a temperature of 50 °C with initial 
volume fraction of solvent 0.9. The final dry polymer thickness is 0.01cm. 
Time, seconds
0 5000 10000 15000 20000
D
ry
in
g
 r
at
e,
 g
/c
m
2 /
s
1e-9
1e-8
1e-7
1e-6
1e-5
1e-4
1e-3
1e-2
Figure. 4.2. Variation of drying rate with time from FEM for a system of poly 
(vinyl acetate)-toluene, at a temperature of 50 °C with initial volume fraction of 
solvent being 0.9 and final dry polymer thickness 0.01 cm. 
A plot of the drying rate with time is shown in Figure 4.2. There is an initial 
nearly-constant rate period followed by a falling rate period. At long times the solvent 
evaporation rate drops to an extremely small value; and the residual solvent content 
effectively stops changing in a diffusional plateau. In SSM calculations, the drying rate is 
taken to be E*. An appropriate value for E* in Figure 4.2 would be 2 x 10-8 g/cm2 /s.  
 
4.2 Comparison of SSM with FEM 
4.2.1 Concentration Profiles. 
Figure 4.3 displays predictions of the solvent concentration profile in a drying coating 
using both the steady state method and FEM.  The slope of the concentration profile 
should level become zero at the substrate because there is no solvent flux into the 
substrate. The curve predicted by FEM does match the no flux condition at substrate.  
 
 
 
 
 
 
 
 
 
Figure. 4.3. Concentration profiles from FEM and SSM for system of 
poly (vinyl acetate)-toluene at a drying rate of 5.0x10-8g/cm2.s, with a dry 
polymer thickness of Hp 0.01cm at a temperature of 50°C 
 
Distance from the surface, cm
0.000 0.002 0.004 0.006 0.008 0.010 0.012
S
o
lv
en
t C
o
n
cn
et
ra
ti
o
n
, g
/c
c
0.00
0.02
0.04
0.06
0.08
0.10
0.12
FEM
SSM
However because of the steady state evaporation assumption in the steady state 
method, there is a concentration gradient present at all distances in the SSM results. In 
the concentration profile predicted by both methods, low solvent concentrations at the 
surface cause a low value for the diffusion coefficient that leads to a steep gradient in the 
concentration just below the coating surface.  
The SSM, as expected due to the constant flux condition, over predicts the finite 
element predictions. The area between the two curves in Figure 4.3 is the error in SSM 
approximation of FEM results.  
Figure 4.4 shows how the concentration profile predicted by SSM varies with 
temperature of the drying oven. As the temperature increases there is a shift in the 
concentration profile towards lower concentrations, as expected, because diffusional  
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Figure. 4.4. Concentration profiles from FEM and SSM for the system of  
poly(vinyl acetate)-toluene at a drying rate of 1x10-7g/cm2/s, with a dry 
polymer thickness of Hp 0.02 cm at temperatures of 30°C, 50°C and 70°C. 
 
resistance decreases at higher temperature. At all temperatures there is a steep 
concentration gradient at the surface, but at higher temperatures the gradient becomes 
less steep because the diffusion coefficient rises with temperature. The residual solvent 
content in the coating and the coating thickness decrease with increase in temperature, as 
expected from SSM and consistent with experimental observations. 
Comparison of the concentration profiles obtained from the quasi-steady state and 
finite element methods shows that the error in the solvent content predicted by the steady 
state method is due to the presence of a gradient in the profile instead of a flat profile near 
the substrate. The effect of variations of the temperature, polymer thickness and drying 
rate on the error between the values of residual solvent content is studied in the next 
section. As mentioned earlier, the SSM assumes a very low drying rate, E*, which can be 
taken as the average drying rate from the finite element method in the diffusional plateau 
region.  
4.2.2 Residual Solvent Content Variation with Drying Temperature  
Both FEM and SSM predict that RSC in the diffusional plateau decreases with 
increase in temperature. The predictions from the SSM, as shown in Figure 4.5, match 
closely with the predictions from the finite element method. The difference in the value 
of RSC, obtained from both methods, is due to the difference in concentration profiles 
displayed in Figure 4.3. As temperature rises SSM and FEM show same trend in RSC 
with a nearly constant difference. Figure 4.5 also displays how the error between the 
methods varies with temperature. The SSM is an approximation to the equations solved 
by FEM at long time and the difference in this approximation is calculated as a % error 
between SSM and FEM with respect to the finite element value (which is assumed to be 
correct). 
  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5 shows that with an increase in temperature the %error of SSM with 
respect to FEM increases; this rise is because the difference in RSC from the two 
methods stays somewhat constant while the RSC falls. Hence the methods agree better at 
lower temperatures when there is more solvent content in the system. The effect of 
variation in dry coating thickness and evaporation rate, E*, on the difference between the 
methods is studied in the next section.  
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Figure.4.5. Variation of residual solvent content with temperature for a system 
of poly (vinyl acetate)-toluene with a drying rate of 1.453x10-7  g/cm2/s, and 
dry polymer thickness, Hp, of 0.01 cm from SSM and FEM. 
4.2.3 Residual Solvent Content Variation with Dry Coating Thickness and Drying Rate 
 Figure 4.6 displays how the residual solvent content varies with variation in dry 
coating thickness, Hp. There is an increase in the difference between the values of 
residual solvent content obtained from the SSM and FEM with an increase in the 
magnitude of Hp. However, when Hp increases by a factor of five the %error changes by 
less than 3%. Thus the error in SSM is relatively constant for a wide range of coating 
thicknesses. 
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Figure. 4.6. Variation of RSC with Hp for the system of poly(vinyl acetate)-
toluene at a temperature of 50°C and drying rate of 1x10-7 g/cm2.s with SSM 
and FEM and %error shown is with respect to FEM for various dry polymer 
thicknesses. 
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The error variation was studied for different temperatures and drying rates. Figure 
4.7(a) shows %error variation when the drying rate E* is twice as high as the predictions 
in Figure 4.6. Figure 4.7(b) shows %error variation when the temperature is 20°C less 
than the predictions in Figure 4.6.  Figures 4.6, 4.7(a) and 4.7(b) show qualitatively the 
same trends, despite variation in E* and T. With an increase in drying rate the RSC in the 
coating increases. The magnitude of the drying rate does not greatly affect the error 
between the two methods. This is due to a parallel shift in the concentration profile with 
change in drying rate for both the methods. The concentration profile is larger in 
magnitude for a higher drying rate, and consequently more solvent remains in the drying 
coating.
Figure. 4.7 (a) Variation of RSC with Hp for the system of poly (vinyl acetate)-
toluene at a temperature of 50°C and drying rate of 2x10-7 g/cm2.s with SSM and 
FEM and %error shown is with respect to FEM for various dry polymer 
thicknesses. 
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With an increase in temperature the RSC in the coating decreases for the same 
drying rate and Hp. Comparison of graphs 4.6 and 4.7(b) indicates that at lower 
temperatures there is a shift in %error magnitude to lower values. The difference between 
the values of RSC obtained from both methods with respect to the FEM is smaller at 
lower temperatures. Thus the SSM is more accurate at lower temperatures and drying 
rates for a corresponding coating thickness.  
Figure. 4.7 (b) Variation of RSC with Hp for the system of poly (vinyl acetate)-
toluene at a temperature of 30°C and drying rate of 1x10-7 g/cm2.s with SSM and 
FEM and %error shown is with respect to FEM for various dry polymer 
thicknesses. 
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In figure 4.8 the drying rate is kept constant while both the coating thickness and 
temperature are varied. The general trend that is observed from the Figure 4.8 is that the 
% error, (defined to be the difference between the methods with respect to the value from 
FEM) increases with an increase in the coating thickness. Also as the Hp increases the 
range of error variation with temperature decreases. The maximum and minimum % error 
values were observed for the dry coating thickness of Hp = 0.005 cm for temperatures of 
80 °C and 30° C, respectively. It is observed that the %error in the SSM is lower at lower 
temperatures and thin coating thicknesses. At low temperatures the residual solvent 
content in the coating is higher thereby making the %error between the methods seem 
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Figure. 4.8. Variation of  %Error of SSM with respect to FEM vs. 
temperature for the system of poly (vinyl acetate)-toluene at a drying rate 
of 1.453x10-7g/cm2.s, for varying dry polymer thicknesses. 
 
smaller. A coating with a smaller magnitude of initial thickness has a corresponding 
smaller concentration profile, thereby giving smaller error between the methods. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
In Figure 4.9 the polymer coating thickness is kept constant while both drying rate 
and temperature are varied. From the Figure 4.9 the general trend is that the error 
increases with an increase in the value of the temperature. The variation of error 
decreases with an increase in the magnitude of E*. At higher drying rates due to the 
presence of more RSC, the effect of variation of temperature on RSC is reduced. A study 
of how the drying rates and dry polymer thickness affect the residual solvent content at 
any temperature is studied using Figure 4.10. 
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Figure. 4.9. Variation of %Error with respect to FEM vs. temperature for the 
system of poly(vinyl acetate)-toluene at a given dry polymer thickness, Hp of 
0.01cm, for varying drying rates E*. 
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Figure 4.10 shows that the %error decreases with a decrease in temperature. 
Figures 4.6 and 4.7(a) show that an increase in drying rate does not affect the RSC in any 
specific way. There is also no specific increase or decrease in the difference between 
values obtained from the steady state and finite element methods, with a change in the 
drying rate. Thus the SSM is applicable to all drying rates in the diffusional plateau 
region. At any drying rate, calculation of dry polymer thickness can be done if the values 
of the spreadsheet columns do not go beyond their accepted values; for example if the 
weight fraction reaches a value of 1. However this implies a high solvent concentration, 
which would not occur in the region the SSM can be applied. With the overall variation 
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Figure 4.10. Variation of %Error of SSM with respect to FEM vs. drying rate 
E*, for the system of poly (vinyl acetate)-toluene with a dry polymer thickness 
of 0.005 cm, at different temperatures. 
 
in error being small from the Figures 4.6, 4.7(a) and (b) it is inferred that error is not very 
sensitive to Hp or E* variations, but varies significantly with T. 
The following is a list of key conclusions about accuracy of quasi-steady state 
method with respect to finite element method. 
(i) The SSM approximately over-predicts the RSC from finite element 
method by 9-15% for the system of poly (vinyl acetate) – toluene in the 
diffusional plateau region. 
(ii) Increase in temperature causes an increase in %error between the methods. 
(iii) Increase in the dry polymer thickness causes an increase in the difference 
between the values of Hs obtained from both methods, but % error stays 
nearly cons tant.  
(iv)  An increase in E*, plateau drying rate does not affect the difference 
between predicted values from the SSM and FEM.  
Thus the quasi-steady state method is applicable for a wide variety of drying rates, in the 
diffusion-controlled region. 
 
 
4.3 Comparison of SSM with FEM and CFM 
 
The characteristic function method (CFM), described in Chapter 3 enables 
calculation of the drying rate for a coating at a given average concentration. The CFM 
predicts a dimensionless drying rate, E defined by the equation: 
*
l0D
H*E
  E
r
=                                    4.1  
where E* is the drying rate or flux in the system, H = Hs+Hp, and Dl0 is taken as the pre-
exponential factor D0, and r* is the density of solvent.  
 The dimensionless drying rates for the corresponding average concentration can 
be calculated from the FEM and SSM. A plot of the drying rate with an average 
concentration is shown in Figures 4.11 and 4.12. The graphs contain plots obtained from 
the SSM, FEM and CFM. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.11 shows that the three methods agree closely at very low solvent 
concentrations. However they do not match at higher concentrations. SSM and CFM 
agree closely even at higher concentrations. Both these methods assume a steady state 
flux at the surface of the coating, whereas in the finite element method the flux at the 
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Figure 4.11. Dimensionless drying rate with dimensionless concentration for the 
system of poly (vinyl acetate)-toluene with a dry polymer thickness of 0.01 cm, 
at a temperature of 50°C. 
 
surface of the drying coating decreases in magnitude with time, as in an actual drying 
process.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.12 shows a log plot of the drying rate with the average dimensionless 
concentration at low concentration values, where the three methods are in agreement. The 
values obtained from the SSM and CFM almost coincide at low concentrations. The FEM 
gives drying rates to be consistently higher than the other two methods, which is expected 
as the SSM consistently over predicts the residual solvent content value given by the 
FEM for a given drying rate as the concentration profile Figure 4.3 suggests, and thus has 
a correspondingly lower drying rate for the same concentration. 
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Figure 4.12. Logarithmic plot of dimensionless drying rate with 
dimensionless concentration for the system of poly (vinyl acetate)-toluene 
with a dry polymer thickness of 0.01 cm and a temperature of 50°C, in a 
small concentration range. 
 
4.4 Comparison of SSM with Experimental Results and FEM. 
Drying experiments were conducted on a Cahn thermogravimetric analyzer (TG 
131). The equipment consists of two pans held by stirrups to a highly sensitive electronic 
balance. The pan containing the sample is placed in a tubular glass section, which is 
surrounded by a furnace. An inert gas flows through the system carrying away the 
evaporated solvent. The temperature of the sample pan is read by a thermocouple, which 
is placed just below it. The experimental conditions in the system are controlled by a 
computer that also records the experimental data. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Time, seconds
0 2000 4000 6000 8000 10000 12000
S
am
p
le
 m
as
s,
 m
g
0
20
40
60
80
100
120
Te
m
pe
ra
tu
re
, °
C
20
30
40
50
60
70
80
90
100
Temperature, °C
Sample mass, mg
Drying Baking
Fig. 4.13. Sample mass and temperature variation with time, from a TGA 
experiment conducted at 50°C and baked at 90°C for the system of poly (vinyl 
acetate)-toluene, with sample pan dimensions of 1.5mm(H) x 10mm (D). 
A typical experimental procedure involved the sequence of preparing a solution of  
(vinyl acetate)-toluene, either 90% or 85% by weight of solvent.  The solution is placed 
in the analyzer in an aluminum sample pan, and a run is started at an ambient temperature 
of 25°C. The temperature increased at a constant rate to the drying temperature. The 
drying process at this temperature takes 70 to 90 minutes. The system temperature is then 
increased at a constant rate to a temperature of 90°C for 60 minutes for a baking period 
so that all the remaining solvent in the coating evaporates. The analyzer collects data of 
weight and temperature from the sample at intervals of ten seconds throughout the 
experiment. 
The residual solvent content from the experimental results was calculated as the 
difference between the sample weights measured towards the end of the drying period 
and the baking period. The dry polymer thickness, Hp was calculated from the final 
sample weight. 
Comparison of the residual solvent content values obtained from experiments 
conducted on a thermogravimetric analyzer and those from the SSM and FEM was done 
for the system of toluene-poly (vinyl acetate), where the initial sample contained either 
85% or 90% of solvent by weight. The Hp and E* obtained from experiment were used as 
inputs to the SSM and FEM calculations. 
  
  
  
  
 Tables 4.2 and 4.3 give the results from the experiments conducted at 50°C and 
30°C, respectively. Finite element predictions are in close agreement with experimental 
results. In the case of experiments conducted at 50°C the SSM gives an almost consistent 
error of about 20% higher than experimental value. The error is lower for experiments 
conducted at 30°C. This is because baking at a high temperature of 80/90°C does not 
completely remove all the solvent content in the sample. Therefore in the calculations the 
value of Hs taken from experimental data is in effect the difference between solvent 
content in the sample at the drying temperature and the baking temperature. With a 
Initial 
solvent 
content 
Drying 
rate,  
E 
(g/cm2s) 
Hp (cm) 
From  
Experiment 
Hs (mm), 
from  
Experiment 
Hs (mm), 
from  
SSM 
% error 
with Hs 
from 
SSM 
Hs 
(mm), 
from  
FEM 
% error 
with Hs 
from 
FEM 
90% 2.14x10-7 0.01376 21.09 24.96 18.39 22.20 5.26 
90% 2.11x10-7 0.014588 21.62 26.29 21.6 23.99 11 
85% 2.1x10-7 0.016082 24.99 29.73 18.96 29.73 8.36 
85% 2.55x10-7 0.019367 32.15 40.15 24.9 36.39 13.2 
Initial 
solvent 
content 
Drying rate,  
E (g/cm2s) 
Hp (cm) 
From  
Experiment 
Hs (mm), 
from  
Experiment 
Hs (mm), 
from  
SSM 
% error 
with Hs 
from 
SSM 
Hs (mm), 
from  
FEM 
% error 
with Hs 
from 
FEM 
90% 1.68x10-7 0.01666 40.33 42.95 6.5 41.42 2.7 
90% 6.15x10-7 0.01837 64.47 69.49 7.8 68.24 5.85 
85% 4.4x10-7 0.0235 78.0 85.02 9.0 80.49 3.2 
85% 6.3x10-7 0.025132 89.3 103.3 15.7 90.19 1.0 
Table 4.2. Residual Solvent Content obtained from experiments conducted with  
the TGA on poly (vinyl acetate)-toluene system at 50°C 
 
Table 4.3 Residual Solvent Content obtained from experiments conducted with  
the TGA on poly(vinyl acetate)-toluene system at 30°C 
decrease in the drying temperature this difference between the solvent contents increases.  
Therefore the error between experiments and theoretical calculations decreases with 
decrease in drying temperature. 
 
4.5 Conclusions  
 The results indicate that for the system of poly (vinyl acetate)-toluene, the steady 
state method can be used to predict residual solvent content, and consistently over-
predicts the actual value by 10-20%, which were calculated using FEM. The calculations 
indicate that the method is more accurate at lower temperature and smaller coating 
thicknesses. Drying rate E*, which is assumed to be the representative flux in the 
diffusiona l plateau region and one of the key input parameters, does not influence the 
accuracy of the method.  The results from the SSM were also compared to another steady 
state approximation method, the CFM, and the results form these methods were in close 
agreement. However the SSM provides a direct method of calculation of residual solvent 
content unlike the CFM. The validity of the SSM was also checked by comparing with 
experimental results done on a TGA. The SSM gives a consistent error with experimental 
data and smaller error at lower temperatures. 
 
Chapter 5 
Parametric Studies 
5.1 Introduction 
The amount of residual solvent content in a dried coating (i.e., after drying at a 
constant temperature for a long time) is sensitive to the variation in the diffusion 
coefficient with solvent concentration and temperature. The diffusion coefficient in a 
polymer-solvent system is a strong function of concentration and often varies by five or 
more orders of magnitude between the initial wet state and final dry state. The most 
commonly-used technique to predict or correlate diffusion coefficients is the model of 
Vrentas-Duda (1977 a, b) based on free volume theory. This theory contains many 
parameters related to the polymer, the solvent, and the interaction between solvent and 
polymer. Hence, the predicted residual solvent content is sensitive to several of these 
parameters. This chapter examines the effect of variation of the free volume parameters 
on the diffusion coefficient and residual solvent content (RSC).  
In Chapter 4, drying of poly (vinyl acetate)-toluene coatings was discussed in 
detail.  In this chapter several other polymer-solvent systems are also considered because 
the free volume parameters and diffusion coefficient change dramatically for different 
polymer-solvent systems. Two examples of this effect are considered: (1) keeping the 
solvent the same with three different polymers and (2) keeping the polymer the same with 
three different solvents.  
5.2 Study of Effect of Variation of Free Volume Parameters on Residual Solvent 
Content 
The free volume parameters D0 and x cannot be measured directly by 
experiments. These parameters are normally regressed from other parameters and 
experimental results. There is a high degree of uncertainty in the estimation of these 
parameters. The solvent parameters K11/g, K21-Tg1, can be obtained from WLF constants 
if available. These parameters are used in the regression calculations of D0, x. Hence a 
study of how these parameters affect residual solvent content is an interesting study.  The 
results can be explained based on how the diffusion coefficient curve shifts with changes 
in these free volume parameters is done.  
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Figure 5.1 Variation of diffusion coefficient with concentration, showing the 
effect of variation of the pre-exponential factor, D0, on the diffusion coefficient 
for the system of toluene-poly (vinyl acetate) at temperature of 50°C. Free volume 
parameters taken from Price et al. (1997).  
5.2.1 Effect of change in D0, the Pre -Exponential Factor 
Figure 5.1 shows that there is an increase in the value of the diffusion coefficient, 
D, with an increase in the value of the pre-exponential factor, D0, as the relation between 
D and D0 in the Vrentas-Duda free volume equation is linear (equation 1.25). With an 
increase in the value of D the RSC decreases because with a higher value of D, the slope 
dz
dCS is smaller and so the solvent concentration profile shifts to lower concentrations.  
 
 
 
 
 
 
 
T
he 
residu
al solvent content is not highly sensitive to changes in the pre-exponential factor. For a 
change of 20% in D0, there is change of 6-9% in the residual solvent content. And hence 
a decrease in the value of D gives a greater change in RSC than an increase. As x in xD0 
changes from say 0.6 to 1, change in the residual solvent content is greater than when x 
changes from 1 to 1.4, as seen in Table 5.1. The RSC is more sensitive to the precipitous 
drop in diffusion coefficient with solvent concentration, which causes a steep gradient in 
solvent concentration in the thin boundary layer below the surface.
  
5.2.2 Effect of Change in x, Ratio of Solvent to Polymer-Jumping Units. 
D0 x 104, cm2/s % Change of D0 RSC, (mg/cm2) % change of Hs 
2.399 -40 2.113 -16.2 
3.198 -20 1.94 -6.67 
3.998 0 1.82 0 
4.797 +20 1.73 4.76 
5.597 +40 1.65 9.04 
Table 5.1. Sensitivity of the residual solvent content to variation in the pre-
exponential factor, D0, for poly (vinyl acetate)-toluene system, with dry coating 
thickness, Hp of 0.01cm, and drying rate E*, 5x10-7 g/cm2/s and temperature of 
50°C. Free volume parameters taken from Price et al. (1997). 
x is the ratio of the size of  diffusing segments of solvent and polymer; it appears in the 
numerator in the exponential of the free volume expression for diffusion coefficient. The 
change in the value of x causes a significant change in the value of the diffusion 
coefficient. The effect of the change in x is significant especially at low concentrations 
when dominant numerator would be the polymer term, which contains x. The effect of 
change in x on diffusion coefficient decreases with increase in solvent concentration. 
When x increases by 10% there is an increase in diffusion coefficient value by 100% at a 
concentration of 0.15 g/cc and for a decrease in x by 10% at the same concentration there 
is a decrease in diffusion coefficient by 60%.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 Table 5.2 Sensitivity of the residual solvent to variation in the polymer/solvent 
jumping unit x for poly(vinyl acetate)-toluene system, with dry coating thickness, 
Hp of 0.01cm, and drying rate E*, 5x10-7g/cm2/s and temperature of 50°C. Free 
volume parameters taken from Price et al. (1997). 
Figure 5.2: Effect of variation of  x on the diffusion coefficient, for the system 
of toluene-poly (vinyl acetate) at a temperature of 50°C. Free volume 
parameters taken from Price et al. (1997) 
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 x % change in x Hs, (mg/cm2) % change in Hs 
0.8622 -10 1.42 -22.1 
0.9101 -5 1.62 -11.0 
0.958 0 1.82 0 
1.0059 +5 2.03 11.8 
1.0538 +10 2.24 23.5 
 
Table 5.2 indicates how the predicted residual solvent content changes with 
change in x. As x appears in the exponential term for the diffusion coefficient the change 
in residual solvent content for a small change in the value of x is significant. For a change 
of 5% in the value of x there is a 10% change in the residual solvent content value. 
Effectively, decreasing x causes the diffusivity of the low concentration layer at the 
surface to increase and leads to significantly lower RSC.  
5.2.3 Effect of change in K1, the Solvent Free Volume Parameter 
The solvent free volume parameter K1 is the product of K21-Tg1+T and K11/g. At 
low concentrations sensitivity of D to K1 is comparatively smaller than at higher 
concentrations because K1 is a solvent free volume parameter. From Equation 1.25, this 
parameter appears in the denominator of the exponential in the free volume expression 
for diffusion coefficient. Hence with a decrease in parameter value the diffusion 
coefficient increases.  
The study of change in K1 can be studied either by changing the magnitude of 
K21-Tg1+T or K11/g.  Figure 5.3 shows how the diffusion coefficient varies with changes 
in K21-Tg1. For a concentration of 0.15 g/cc, when the parameter K21-Tg1 was reduced to 
80% of its original value the diffusion coefficient increased by almost one-half of the 
original value. When the parameter K21-Tg1 was increased by 20%, the value of the 
diffusion coefficient fell by 33%.   
 
 
 
 
 
 
 
 
 
 
 
 
At lower solvent concentrations the difference in the plots of diffusion coefficient 
with concentration is not much. However at higher concentrations the term K1w1, where 
w1 is the solvent weight fraction, becomes larger in the denominator of the expression for 
the diffusion coefficient. Hence the value of the diffusion coefficient increases faster for a 
smaller K21-Tg1 value. Correspondingly the RSC decreases. With a change in the 
parameter K21-Tg1 value by 10% the effective change in RSC is 5-7%. Table 5.3 shows 
change in RSC due to change in K21-Tg1 value. 
Figure 5.3: Variation of diffusion coefficient with concentration, showing the 
effect of variation of the K21-Tg1 on the diffusion coefficient at a temperature of 
50°C for the system toluene-poly (vinyl acetate). Free volume parameters taken 
from Price et al. (1997).  
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Figure 5.4 shows how diffusion coefficient changes when the value of K11/g is 
increased and decreased by 20%. When the value of K11/g is increased by 20% the 
diffusion coefficient becomes four times the actual value at a solvent concentration of 
 
 
 
 
 
 
 
 
 
 
 
K21-Tg1 % change in K21-Tg1 Hs, (mg/cm2) % change in Hs 
-82.4 +20 1.637 -10 
-92.7 +10 1.726 -5.1 
-103 0 1.82 0 
-113.3 -10 1.935 6.4 
-123.6 -20 2.063 13.4 
Table 5.3. Sensitivity of the residual solvent content to variation in the solvent 
free volume parameter K21-Tg1, for poly (vinyl acetate)-toluene system, with dry 
coating thickness, Hp of 0.01cm, and drying rate E*, 5x10-7g/cm2 /s and 
temperature of 50°C. Free volume parameters taken from Price et al. (1997). 
Solvent Concentration, g/cc
0.00 0.05 0.10 0.15 0.20
D
if
fu
si
o
n
 C
o
ef
fi
ci
en
t,
 g
/c
m
2 s
1e-11
1e-10
1e-9
1e-8
1e-7
1e-6
0.8 K11/g
0.9 K11/g
 K11/g
1.1 K11/g
1.2 K11/g
Figure 5.4: Diffusion coefficient variation with concentration, showing   the effect 
of variation of the K11/g on the diffusion coefficient, at a temperature of 50°C for 
the system of toluene-poly (vinyl acetate). Free volume parameters taken from 
Price et al. (1997).  
0.15g/cc. The magnitude of increase in the diffusion coefficient value decreases with a 
decrease in concentration. At very low concentration values the effect of change in K11/g 
is negligible. Both K11/g and K21-Tg1+T show similar trends in the variation of the 
diffusion coefficient with concentration profile. 
 
 
 
K11/g % Change in K11/g Hs, (mg/cm
2) % change 
1.77x10-3 -20 2.436 25.34 
1.99x10-3 -10 2.081 12.64 
2.21x10-3 0 1.82 0 
2.43x10-3 +10 1.628 -11.7 
2.65x10-3 +20 1.472 -23.53 
 
Table 5.4 shows the variation of RSC with variation in K11/g. A change in the 
value of K11/g affects the residual solvent content to a significant extent as it affects the 
magnitude of the denominator in the exponential term more significantly than K21-Tg1. A 
change in the solvent free volume parameter by 10% brought about a change of about 
13% in the value of the residual solvent content.  
5.2.4. Study of Effect of Different Models Relating Self and Mutual Diffusion Coefficients 
on Residual Solvent Content 
A number of equations relating the self and mutual diffusion coefficients in polymer 
solutions have been proposed (Vrentas and Vrentas, 1993; Alsoy and Duda, 1999; 
Zielinski and Hanley 1999, Romdhane et al., 2001). These equations have been discussed 
in Section 1.4 in Chapter 1. Three of these equations are: 
Table 5.4. Sensitivity of the residual solvent content to variation in the solvent 
free volume parameter K11/g, for poly(vinyl acetate)-toluene system, with dry 
coating thickness, Hp of 0.01cm, and drying rate E*, 5x10-7g/cm2/s and 
temperature of 50°C. Free volume parameters taken from Price et al. (1997). 
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Figure 5.5 shows a plot of how the diffusion coefficient varies with concentration for 
each of these equations. Plots of diffusion coefficient coincide at very low concentrations. 
At concentrations higher than 0.06 g/cc the plots begin to differ.  The plots are for the 
system of toluene-poly (vinyl acetate) at a temperature of 50°C. Equations 1.25 and 1.31 
almost match until the concentration of 0.3 g/cc. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.5. Diffusion coefficient variation with solvent concentration at a 
temperature of 50°C, for different equations relating self and mutual diffusion 
coefficients, mentioned in Chapter 2, for the toluene-poly (vinyl acetate) system. 
Free volume parameters are taken from Price et al. (1997). 
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The residual solvent content has been calculated using the equations 1.25, 1.30 
and 1.31 and the results are shown in Table 5.5. The choice of the equation relating the 
mutual diffusion coefficient plays a very important role in the determination of the 
residual solvent content. From the table 5.5, the RSC calculated using equations 1.25 and 
1.31 match closely. This is because the plots of diffusion coefficient with solvent 
concentration for these two equations are closer at low values. Also the RSC values 
indicate that the magnitude of diffusion coefficient of equation 1.30 is the highest 
followed by that of 1.25 and 1.31 respectively, as indicated by the graph in Figure 5.5. In 
general the equation most appropriate for a particular system can be determined when the 
difference between the values obtained by the equation using SSM and FEM (or an 
experimental value) is the least when compared to the differences for the other equations. 
5.2.5 Summary of Sensitivity of RSC with respect to Diffusion Parameters and Equations 
Relating Self and Mutual Diffusion Coefficient 
Changes in the free volume parameters x and K11/g affect the value of the residual 
solvent content more than D0 and K21-Tg1. D0 changes the diffusion coefficient magnitude 
linearly. K21-Tg1 when changed does not change the magnitude of K21-Tg1+T 
significantly. K11/g affects the magnitude of residual solvent content significantly though 
Equation Hs, mg/cm2 
%Change in Hs with 
respect to Eqn. 1.25 
Eqn 1.25 1.81 0 
Eqn 1.30 1.73 -4.26 
Eqn 1.31 1.88 +3.95 
Table 5.5. Sensitivity of the residual solvent content to change in equation relating 
self and mutual diffusion coefficients, for poly(vinyl acetate)-toluene system, with 
dry coating thickness, Hp of 0.01cm, and drying rate E*, 5x10-8g/cm2/s and 
temperature of 50 C. Free volume parameters taken from Price et al. (1997). 
by not as much as x. Figure 5.6 shows the change in RSC with a %change in parameter 
value. 
 
 
 
 
 
 
 
 
 
 
 
 
 
The residual solvent content is particularly a very sensitive to change in the value 
of parameter x. Different sources give different x values, which differ by a magnitude of 
almost 20% where as at low concentrations a slight error in the value x (5%) can give a 
huge variation in the residual solvent content. Thus when the other free volume 
parameters have reasonably accurate values for a particular polymer solvent system and 
an approximate value of how much the SSM estimate varies from experimental value is 
known; a reasonable value of x can be estimated. 
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Figure 5.6. Variation of residual solvent content with %change in free volume 
parameters, x, K11/g, K21-Tg1+T and D0 at a temperature of 50°C, drying rate 
of 5x10-7g/cm2.s and Hp of 0.01 cm. Free volume parameters taken from Price 
et al. (1997). 
The equations relating self and mutual diffusion coefficients 1.25, 1.30 and 1.31 
have been to calculate the RSC and at small concentrations all the three methods can be 
used. At higher concentrations comparison with FEM results which gives the least error 
is appropriate. 
 
5.3 Study of Change in RSC with Change in Polymer or Solvent in the System 
The study of calculation of RSC and its variation due to change in different free 
volume parameters has been studied for the toluene-poly (vinyl acetate) system. The 
study of accuracy of SSM to other systems is studied in this section. For a given solvent 
or polymer, the change in RSC due to change in polymer or solvent respectively is 
calculated. The physical parameters for these systems have been taken from Zielinski 
(1992), Table 5.6. 
 
Parameter Tol/PS Tol/PMMA Tol/PVAC EB/PS Benzene/PS 
K11/g 1.45x10
-3 1.45x10-3 1.45x10-3 1.4x10-3 1.07x10-3 
K12/g 5.82x10
-4 3.05x10-4 4.33x10-4 5.82x10-4 5.82x10-4 
K21-Tg1 -86.3 -86.3 -86.3 -80.01 -73.8 
K22-Tg2 -327 -301 -258.2 -327 -327 
D0 4.82x10-4 4.82x10-4 4.82x10-4 4.61x10-4 11.3x10-4 
x 0.58 0.56 0.82 0.69 0.48 
c 0.354 0.9 0.393 0.363 0 
*
1Vˆ  0.917 0.917 0.917 0.946 0.901 
*
2Vˆ  0.85 0.788 0.728 0.85 0.85 
Vs 1.155 1.155 1.155 1.153 1.138 
Vp 0.952 0.840 0.847 0.952 0.952 
Table 5.6 Free volume parameters from Zielinski (1992). 
5.3.1 Variation of Polymer in the Polymer-Solvent System with Toluene as Solvent 
 Three polymers that are considered are poly (vinyl acetate) (PVAC), poly (methyl 
methacrylate) (PMMA) and polystyrene (PS). Figure 5.7 shows mutual diffusion 
coefficient variation with solvent concentration for these three systems. The plot in 
Figure 5.7 indicates that the diffusion coefficient of toluene-PVAC system is highest in 
magnitude at any low solvent concentration followed by that of toluene-PMMA and 
toluene-PS respectively. The three curves converge with increasing solvent 
concentration. 
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Figure 5.7. Diffusion coefficient variation with solvent concentration, 
for different polymer-solvent systems at a temperature of 333K. Free 
volume data taken from Zielinski et al. (1992). 
Table 5.7 lists the predicted residual solvent content in the coating for the three 
polymer-solvent systems at the same drying rate, temperature and dry polymer thickness. 
The toluene-PS system has the highest residual solvent content, followed by that of 
toluene-PMMA and toluene-PVAC systems. Therefore higher mutual diffusion 
coefficient implies that there is a greater amount of solvent removal. The residual solvent 
content is also calculated by the FEM. The toluene-PS system shows least %error 
between both methods, followed by toluene-PMMA and toluene-PVAC systems 
respectively. Thus the SSM can be applied to any of these polymer-solvent systems. 
 
 
 
  
 
 
 
 
5.3.2 Variation of Solvent in the Polymer-Solvent System with PS as Polymer 
 Three solvents that are considered are toluene, ethyl benzene (EB) and benzene. 
Figure 5.8 shows mutual diffusion coefficient variation with solvent concentration for 
these three systems. The plot in Figure 5.8 indicates that the diffusion coefficient of 
toluene-PS system coincides with that of benzene-PS system. The EB-PS system has a 
lower diffusion coefficient at all solvent concentrations than both the other systems.  
Polymer Hs (mg/cm2) 
From FEM 
Hs (mg/cm2) 
From SSM 
%Error with 
respect to FEM 
PS 2.095 2.243 7.06 
PMMA 1.867 2.02 8.2 
PVAC 1.41 1.553 10.2 
Table 5.7. Sensitivity of the residual solvent content to variation in the polymer, 
for the solvent toluene, with dry coating thickness, Hp of 0.01cm, and drying rate 
E*, 2 x10-7g/cm2 /s and temperature of 60°C. Free volume parameters taken from 
Zielinski et al. (1992). 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Solvent Hs (mg/cm2) 
From FEM 
Hs (mg/cm2) 
From SSM 
%Error with 
respect to FEM 
Toluene 2.095 2.243 7.06 
Benzene 2.067 2.21 6.92 
Ethylbenzene 2.61 2.82 8.05 
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Figure 5.8. Diffusion coefficient variation with solvent concentration, for 
different polymer-solvent systems at a temperature of 333K. Free volume 
data taken from Zielinski et al. (1992). 
Table 5.8 Sensitivity of the residual solvent content to variation in the solvent, 
for polymer polystyrene, with dry coating thickness, Hp of 0.01cm, and drying 
rate E*, 2 x 10-7g/cm2/s and temperature of 60°C.free volume parameters taken 
from Zielinski et al. (1992). 
 
The residual solvent content obtained for these systems at the same drying rate, 
temperature and dry polymer thickness is listed in Table 5.8. The RSC for the EB-PS 
system is higher than that of both toluene-PS and benzene-PS systems. This is as  
expected because the mutual diffusion coefficient of the EB-PS is comparatively smaller 
in magnitude. Also all the three methods show a reasonable %error between the values 
calculated from SSM and FEM. Thus the SSM can be used for any of the above polymer-
solvent systems. 
 
5.4 Conclusions  
 The free volume parameters x and K11/g affect the residual solvent content most 
significantly. The other free volume parameters of D0 and K21-Tg1 do not affect the value 
of RSC significantly. The residual solvent content was calculated using different 
equations relating self and mutual diffusion coefficients. However these variations do not 
affect the residual solvent content significantly. The study of various polymer-solvent 
systems indicates that the residual solvent content calculated by SSM is in good 
agreement with values obtained from FEM for these systems. Hence the SSM would be a 
good method of calculation for any of the systems discussed earlier. 
 
Chapter 6 
Conclusions and Future Work 
6.1 Conclusions  
 This thesis described in detail the steady state method for calculation of the 
residual solvent content in polymer coatings. The results from the SSM matched 
reasonably well with FEM and experimental results. 
Drying of polymer coatings involves simultaneous mass and heat transfer in the 
system. As the drying process takes place, there is a removal of solvent from the 
polymer-solvent system. Initially there is a rapid loss of solvent from the system along 
with a simultaneous decrease in the magnitude of the drying rate. At low solvent 
concentrations the drying process becomes diffusion-controlled and the drying rate 
decreases to an extremely small value. Further increase in the drying rate can only occur 
if the temperature of the system is raised. The drying process is then pronounced to have 
reached a diffusional plateau.  
The transport in the diffusion controlled drying region is described by the 
diffusion flux equations. Fick’s law has been used in this thesis to describe the diffusion 
of the solvent towards the surface of the drying coating. The proportionality constant in 
Fick’s law is the mutual diffusion coefficient of the polymer-solvent system. The 
Vrentas-Duda equation for mutual diffusion coefficient has been used in the numerical 
calculations in this thesis.  
The detailed mass and heat transfer equations for a 1-dimensional drying model 
have been discussed in the thesis. Due to a complex relation of the diffusion coefficient 
with solvent concentration a solvable analytical solution is not feasible. A numerical 
method is used solving the drying equations. The results from such a FEM model are 
used in this thesis for comparison with the SSM. 
The drying rate in the diffusion-controlled region changes when the system 
temperature is changed. The steady state method takes input of system conditions 
temperature and drying rate. In the diffusional plateau region the drying rate continues to 
decrease with time. However for all practical purposes an average value can be assumed 
as the drying rate at the surface of the polymer coating. For this drying rate, at any 
particular temperature and dry polymer thickness the residual solvent content and total 
coating thickness are calculated, using an Excel worksheet.  
The results obtained from the SSM were compared with those from FEM for 
various drying rates, temperatures and dry polymer thicknesses. The SSM overpredicted 
the RSC value given by FEM by 9-15%. The variation of %error between the methods, 
with respect to the FEM, for variations in drying rate, temperature and dry polymer 
thickness was calculated. There is not a significant change in the %error. With an 
increase in temperature the %error between the methods increased. With an increase in 
the dry polymer thickness the error between the methods increased. However variation of 
drying rate did not increase or decrease the error between the methods, and the SSM is 
valid for a large range of drying rates in the diffusional plateau region. The SSM is 
applicable to calculation of RSC when the system temperature is above the glass 
transition temperature.  
The SSM was also used to calculate the flux at various average solvent 
concentrations in the coating for the system of toluene-poly (vinyl acetate). The variation 
of flux with solvent concentration was plotted. This was compared with the plot obtained 
from the CFM. The CFM gives drying rates for an average solvent concentration of 
solvent in the system. The results from SSM and CFM matched closely at all solvent 
concentrations and at low solvent concentrations with results from FEM.  
Experiments were conducted on a thermo gravimetric analyzer for the system of 
toluene-poly (vinyl acetate) using drying temperatures of 30°C and 50°C and a baking 
temperature of 90°C. In the experiment the residual solvent content was calculated as the 
difference in sample weights at the end of drying and baking temperatures. The SSM 
predictions were higher than the experimental results, as expected, because the SSM 
assumes a steady drying rate whereas in reality the drying rate decreases with time 
continuously. Also the sample retained some residual solvent even after being baked and 
hence some residual solvent content is not taken into the experimental calculations. The 
error observed decreased with increase in temperature, as the residual solvent content is 
greater in magnitude at lower temperatures. 
Sensitivity of the results from steady state method to changes in the parameters in 
the mutual diffusion equation has also been studied. The effect of change in free volume 
parameters such as x and K11/g is more on the residual solvent content (RSC) than the 
other free volume parameters such as K21-Tg1 and D0. Effect of the equation relating the 
self and mutual diffusion coefficients on the RSC was found to be minimal. At low 
concentrations the contributions of the terms involving the solvent volume fraction do not 
vary by a large magnitude and hence the diffusion coefficient is almost same using any of 
the three equations. 
The SSM was also used to calculate the RSC for other polymer-solvent systems 
of Toluene-PS, Toluene-PMMA, Toluene-PVAC, EB-PS and Benzene-PS. The results 
from SSM for all these systems were in good agreement with the results from the FEM. 
 
6.2 Future work 
 A modification of the SSM to improve the match between the SSM and FEM is 
discussed in Section 6.2.1. Other ways of improving the results from SSM are discussed 
in Section 6.2.2. 
6.2.1 Linear Variation of Flux Method 
 The SSM assumes a steady flux where as in reality the flux decreases with 
distance from the surface of the coating. A linear variation of flux with concentration, 
with the introduction of an arbitrary parameter k, has been explored in this section. k has 
been given a range of 0 to 1.  
 
 
 
 
 
 
 
 
 
 
Figure 6.1. Variation of solvent flux with distance for a poly (vinyl acetate)-
toluene coating, with a dry polymer thickness of 0.01cm, at a temperature of 
50°C, using SSM and FEM. 
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Figure 6.1 displays prediction of solvent flux through the coating thickness. The 
flux from the steady state method is a constant value; however to match the no flux 
condition at the bottom of the coating the flux must decrease with distance. The flux 
predicted by the  
FEM method shows a nearly linear decrease in flux through much of the coating 
thickness.   
The SSM is now modified for a flux that varies through the coating. Equation 3.1 
gives the flux at the surface of the coating as 
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 The concentration and flux profiles obtained with this method are plotted in  
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Figure 6.2 Variation of solvent concentration with distance for a poly 
(vinyl acetate)-toluene coating, with a dry polymer thickness of 0.01cm, at 
a temperature of 50°C, using SSM, FEM and LVF. 
 
Distance, cm
0.000 0.002 0.004 0.006 0.008 0.010 0.012
F
lu
x,
 g
/c
m
2 .
s
0
1e-8
2e-8
3e-8
4e-8
5e-8
6e-8
FEM
SSM, k = 0
LVF, k = 0.7
LVF, k = 0.5
LVF, k = 0.25
Figure 6.3 Variation of solvent flux with distance for a poly(vinyl acetate)-
toluene coating, with a dry polymer thickness of 0.01cm,  at a temperature of 
50°C, using SSM, FEM and LVF. 
figures 6.2 and 6.3. Figure 6.2 is a plot of the concentration profile for various values of k  
ranging from 0 to 0.9. Figure 6.3 is a corresponding plot of the flux profile for various 
values of k.  
Figure 6.3 shows that the linear variation of flux method approximately matches 
the initial flux profile given by the finite element method for a value of k = 0.7. However 
it deviates with increase in distance from the surface. Further work needs to be done in 
order to characterize k. Effect of variation of k due to variation in solvent-polymer free 
volume parameters and system parameters needs to be studied. Also to be studied is 
whether any physical significance can be attributed to k. The method provides a variation 
of flux linearly with concentration, which is not a feature in the steady state method. It 
would be better to make j vary linearly with distance rather than solvent concentration 
from the Figure 6.3; however that theory would be harder to implement in a spread sheet. 
Thus this method needs further investigation. 
6.2.2 Other Improvements 
 There are a number of equations relating self and mutual diffusion coefficients. 
The effect of variation of three such equations on the RSC was studied for the system of 
toluene-poly (vinyl acetate). Other equations relating the self and mutual diffusion 
coefficients such as the equation in Hickey (1998) can also be studied. The effect of these 
equations and variations in free volume parameters for the other polymer-solvent systems 
can be calculated. Other polymer-solvent systems can be studied to see for applicability 
of SSM. 
 Experiments were conducted for the poly (vinyl acetate)-toluene system for the 
temperatures of 30°C, 50°C and 70°C. The sample is baked at 80/90°C after drying at the 
experimental temperature. The solvent content calculated is effectively the difference 
between the solvent content at 50°C and 90°C. Therefore at higher temperatures the error 
is higher, and a calculation method taking into effect this difference has to be used. Also 
at low sample weights the noise in the reading obtained from the thermogravimetric 
analyzer is very high. Thus the experiments need to be done so that the final weight in the 
sample weight is not very low.  
The steady state method used in this thesis to calculate residual solvent provided 
results with a good accuracy. The use of the SSM can be done in for any system above its 
glass transition temperature on a pilot industrial sample in order to get an approximation 
of the RSC in the dried coating. The calculations involved are relatively simple when 
with traditional numerical solving methods, and is key to its wide applicability to a 
variety of industrial drying processes. 
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Appendix A 
 
Program for CFM Calculations 
 
 
 The characteristic function method described in Chapter 3 involves the calculation 
of double integrals in order to calculate the average concentration and flux. The equation 
for flux and average concentration respectively are: 
ò= sc
C
0 srRR,s dCDE  2.15  
ò òò =- cs cs
s
cs C
0
C
C ssr
C
0 srs
0dCdCDdCDC  2.16 
where Es,RR is the flux, Dr is a dimensionless diffusion coefficient, sC is the average 
concentration, and Csc is an arbitrary number. Given below is a short program in C++ that 
gives the values of sC  and Es, RR for a set of Csc. 
// Program used to calculate integrals used in the Characteristic 
// Functions Method (CFM) in the Regular Regime (CFRR) in the paper 
// by Okazaki et al (1995) 
#include <iostream.h> 
#include <fstream.h> 
#include <math.h> 
 
// 1. A value of concentration, sC , is calculated and the flux E, at  
//    that concentration is also calculated. 
 
// 2. The calculations have an arbitrary concentration parameter,Csc. 
 
// 3. Calculation of integrals: 
//  1. The expression Dr dCs dCs  = sum1, is integrated first with  
//                          the limits [Cs, Csc], and then with the limits [Csi,Csc],  
//                          Csc being the upper integral. 
//  2. The expression Dr dCs = sum2, is integrated within the limits  
//      [Csi,Csc], Csc being the upper integral. 
//  3. The initial value of concentration of Cs, Csi is taken to be zero. 
//  4. the expression for Dr is the Vrentas-Duda free volume equation.  
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// 4. Calculation of sC : 
//  sC  = sum1 / sum2. 
 
// 5. Calculation of E: 
//    E = (3.14^2/8) * sum2. 
 
// an initial arbitrary value is given to Csc. 
double Csc = 0.01; 
 
// N is the number of iterations in the integral.  
int N = 100; 
 
// k is the number of values of Csc and corresponding F calculated. 
int k = 0; 
 
// Defining the physical and free volume parameters of the the solvent  
// and polymer which are used in the Vrentas-Duda equation. The system was toluene-
poly (vinyl acetate). 
 
double V_p = 0.84745; // specific volume of polymer 
double V_s = 1.15473;// specific volume of solvent 
double K11_y = 0.00221;//free volume parameter of solvent 
double K12_y = 0.0006145;//free volume parameter of polymer 
double K21Tg1 = -103.0;// free volume parameter of solvent 
double K22Tg2 = -223.9;//free volume parameter of polymer 
double Vp_crit = 1;//critical volume of polymer 
double Vs_crit = 0.917;//critical volume of solvent 
double e = 0.958;//ratio of solvent and polymer jumping units 
double T = 323;//temeprature  
 
int main() { 
 ofstream sum_stream("sum.result"); 
 sum_stream << " sC " << "\t" <<"  " << "\t" << "E" << "\n" ; 
 while (k <10) 
 { 
 
// initialinzing the summation values 
 double sum1 =0; 
 double sum2 = 0; 
 double Csc = 0; 
 
//calc of integral 
 for (int i =0; i<N;i++) 
 { 
  for (int j= i; j<N;j++) 
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  { 
   double Cs = (Csc /N)*(j); 
 
// using the vrentas-duda equation for mutual diffusion coefficient.    
   sum1 = sum1 + (1- Cs *V_s)*(1- Cs *V_s)*(1-2*0.39* Cs *V_s) 
     *exp(-(Cs *V_p*Vs_crit+(1- Cs *V_s)*e*Vp_crit)/ 
(K11_y* Cs *V_p*(K21Tg1+T)+K12_y*(1- Cs *V_s)*(K22Tg2+T))); 
  }  
    
  double Cs = (Csc /N)*i; 
  sum2 = sum2 + (1- Cs *V_s)*(1- Cs *V_s)*(1-2*0.39* Cs *V_s) 
    *exp(-(Cs *V_p*Vs_crit+(1- Cs *V_s)*e*Vp_crit)/ 
  (K11_y* Cs *V_p*(K21Tg1+T)+K12_y*(1- Cs *V_s)*(K22Tg2+T))); 
  } 
   
  sC = Csc *(sum1/sum2)/N; 
  double F = sum2 * Csc * 1.23245/N; 
 
// output going to a file 
  sum_stream << Csc << "\t"; 
  sum_stream << sC  << "\t"; 
          sum_stream << F << "\n"; 
     
   
// Incrementing the value of Csc.   
  Csc = Csc + 0.02; 
  k++; 
 
 cout << "k " << k << "  " << " Csc  " << Csc <<  "\n"; 
 } 
 sum_stream.close();  
return 0; 
} 
 
 
 
 
 
 
  
 
 
